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ELECTRON STATES IN CRYSTALS* 
V.P. SHIROKOVSKII 


Institute of Metal Physics Urals Filial, Academy of Sciences U.S.S.R. 
(Received 1 November 1956) 


One of the central problems in the zone theory of solids is that of seeking for quasi-periodic 
solutions to the Schrodinger equation: 


Aw (1) 


in which the potential is spatially symmetrical for the crystal lattice. An accurate solution to this 
problem is in general impossible, and a whole series of approximate methods has been indicated in 
the past. The generalized nature of the theory to be put forward, as compared with the approximate 
methods, will reside in the fact that we shall, in what follows, make no assumptions regarding the 
form of the potential energy, other than those of a highly generalized character; thus, we shall as- 
sume that the potential energy operator remains invariant with respect to space-group transforma- 
tions (translational and“rotational”t) of the crystal lattice. This makes it possible to obtain an idea 
of those properties of the electrons in a crystal, which stem directly from the fact that the field in 
the crystal is symmetrical and which are not connected with model assumptions regarding the struc- 
ture of the said field, which are almost always more or less arbitrary in nature. 

A general and uniform method for investigating this type of problem was proposed in a paper by 
Bouckaert, Smoluchowsky and Wigner [1] (similar ideas were stated in a paper by Hund [2]), but 
their proposals afford no possibility for direct physical interpretation of the results. This method 
has since been extended and applied by a whole series of authors to the study of the electron 
spectra of actual crystals [3]. 

We have made an attempt to indicate which of the properties of the electron energy spectrum in 
a crystal follow directly from the symmetry of the field, from general group theory considerations. 

The Schrodinger equation (1) for the determination of electron states in a crystal must remain 
invariant for transformations which lead to re-constitution of the same crystal, i.e. for its symmetry 
group transformations. In the case of an infinite crystal these transformations form an infinite group 
to be denoted as the symmetry space group. r 

Space group transformations will be set down in the form 


r°=ar+t, 
where r and r’ denote the co-ordinates of points before and after the transformation, whilst 
t=n,t, + nat, + , 


where n,, n, and n, are integers, and ¢,, ¢, and ¢, the basic lattice vectors and 


* Fiz. metal. metalloved. 6, No. 1, 3-14, 1958. 
t By rotation we shall imply generalized point-group transformations. 
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. <> . 
an orthogonal. matrix. The matrices a and vectors ¢,, ¢, and ¢, for a given space group are not ar- 
bitrary but are determined by the form of the symmetry. The geometrical transformations [2] comp- 


rise rotation followed by translation. 
Following Seitz [4], the transformations (2) will be denoted in abbreviated form by 


tale} (3) 


If by the product of space-group transformations we understand, as usual, the result of their 
successive application, the multiplication law for the operators (3) must be written in the form 


{alt} {Blu} = [aBlaw 7}. (4) 


In fact, let 
{Blu} r = Br +wandr” = \alt} = ar’ +4. 


Then 
= abr + au +t= + r. 


Using this it can readily be confirmed that the operator {e|0}, where ¢ is a unit matrix, repre- 
sents an identical transformation, whilst the operator 


{a7 


is the reciprocal to (3). 
Thus, from the mathematical point of view, study of the transformation properties of space 


eroups boils down to a study of groups of operators of the form of (3), in which the matrices a and 
the vectors ¢,, £, and f, are determined by the type of symmetry. 

If a space group contains no complex elements — screw axes or glide planes — all the trans- 
formations of the group can be represented in the form 


(5) 


where {a|0} and {e{t} are themselves elements of the group (the first transformation is essentially 
simple rotation, and the second simple translation). 
Take the element {a\0} te|¢} and transform it using the element {80} e\uj. We then obtain 


= + Su} (B~'|— a) = (Bab '|Sat + = 
= (8087 '|0} (a 'u—u+ d)}. 


Thus, we have arrived at a rule for determining the elements conjugate to a given element. We 
shall come to use it later. From a complete space group it is always possible to extract an infinite 
Abelian translational sub-group, i.e. a sub-group of operators of the form 


felt}. (7) 


The basic functions constituting the irreducible representations of this sub-group, and/or the 
eigenfunctions of operators (7) can be regarded as Bloch functions, which using the normal symbols 
have the form 


(Kr) =exp (ixr) U (xr), (8) 
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in which the varying vector x serves directly as the index enumerating the various representations. 
The eigenvalues of the operators (7) are equal to exp (ck), i.e. 


{el} p(x, r) = exp (9) 


The Bloch functions (8) can be used as the basis for the irreducible representations of the 
complete space group also. For this purpose, we shall find how they transform under the opera- 
tions of point symmetry. We take the function wW (4,y) and operate on it with the element {a0}: 


(x, r) = exp (ixa'r) U (x, r) = exp (iaxr) (x, 1). 
On the other hand 
(aK, r) = exp (taxr) U (ak, r) 
and consequently 


Here use has been made of the equality 
(a. A~'b) = (Aa - 6) 


and it is moreover assumed that states with the given« are not degenerate, i.e. that only one 
function has the given wave vector kK. 
Note that in deriving formula (10) we also used 


U (xk, a'r) =U (ak, r)- 


Hence we obtain, for the Fourier coefficients in the expansions of the U (x, r) functions: 


a, (aK) = a,_1, (K)- (10b) 


There now follows a detailed study of the electron spectra and states in one—and two- 
dimensional periodic potential fields, i.e. in one—and two-dimensional lattices. In considering 
these problems considerable use will be made of the results of Sokolov and Shirokovskii [5]. 


1. LINEAR CHAIN 


The equation for determining the electron states in a one-dimensional periodic field is 
written in the form 


(x) +[E—V (x)] (x) =0, (11) 


where the potential V (x) has the properties V (x + a) = V (x) and V (—x) = V (x). Consequently, 

the symmetry group in the problem under investigation is a space group comprising translation 
along the x axis: le{t} (here t= ape, and p = 0, +1, +2, ), inversion about the origin of co- 
ordinates and the product of these elements {i|0} {e|t}. As the formative elements of this space 


group we can choose 
{eae} and {z|0} (12) 


and their eigenvalues are 


exp (ika) and + 1 
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The first of the operators (12) can be readily expressed in terms of an infinitesimal dis- 
placement 0/0x along the x axis, and in fact assumes the form 


exp 


LA 
or, since 0/0x =i p;- 


A 
exp (tap). (14) 


Thus we can deduce that the operator (14) represents some physical magnitude, closely con- 
nected with the electron wave function. 
Since it can be written that 


exp (ia = exp (iar) (15) 


the vector x which figures in this expression is called the electron quasi-impulse in the crystal 
We note that replacing k by x + 27n/a does not alter the eigenvalue of operator (14); this is the 


reason for the introduction of the reduced wave vector x, which varies between the limits —7/a to 
+ 7/a. For the present we shall not do this. It must be pointed out that since the operators (12), in 


the general case, are not permutable, the electron wave function and the parity of the state cannot 
be determined simultaneously. 

We now separate the elements of the group into classes of conjugate elements. To do this, each 
element of the group must be transformed by all the others. 
It is not difficult to realize that the following types of conjugate elements are obtained: 


{i0} {eléu — + ith. 


Hence it is easy to cbtain the classes of conjugate elements: K, = {e|0}. K, comprises elements 
of the form {i|0} {e|qae}. K, of the form {i|0} te|ae} {e|2qae} and there is also still an infinite 


number of classes of the form Kp = {e|tpae}, where p=1,2....... 
We shall form the operators of the classes 


A 
K, = {2(0}, 
A 
Ke = 1/N {e|2gae}, 


A 
Kgs = {i0} {elae} 1/N {e|2qae}, 
q 


k, = 1/2/{s\pae} + {e|—pae}| 


and determine their eigenvalues 
A 
Ky) (xk, x) x). 
A 
x) = [1/N exp (x, x) = 


= {1/0} @ (x, (K, x) = (K, x). 


(K, Xx) = exp (ika) 6 (K, mn/a) (K, x) =x - exp (iKa) (kK, x). 


(kK. x) = 1/2 [exp (ipxa) + exp (— ipka)] (kK, x) = (cos PKa) (K, X). 
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in which x=0  forx #7n/a 

and x=+1 fork =7n/a 

Although in calculating the eigenvalues of the class operators use was also made of the fact 
that the eigen functions are of the Bloch type, this is not obligatory, since the eigenvalues are 
determined by the nature of the representations and are thus independent of the form of the basic 
functions. 

According to the general rule set down in the previously quoted paper by Sokolov and 
Shirokovskii [5], the energy will depend on the eigenvalues of the class operators, i.e. 


E =E (x, cos ka). (16) 


Since the operators (12) are not interchangeable, the energy terms in the general case are 
degenerate. To enumerate the degenerate states, use can be made either of the eigenvalues of the 
operator {e|a e} or the eigenvalues of the operator {i|0}; in the first case we shall find the vector 
«, and in the second, the parity of the state. 

By analysing the table of eigenvalues of the class operators, the following conclusions can be 
reached: 

1. When « # zn/a, the energy is a function of cos k a, and of course depends, in addition to 
this, on the actual form of the potential 


E = E (cos Ka). (17) 


States with a given energy are doubly degenerate, since to each level there correspond two 
functions which can be selected, in particular, in the form 


(x, x) = exp U x), 
yp?) (x, x) = exp (— ixx) U (—Kk, x). 


(18) 


2. When k = mn/a, the energy experiences a discontinuity, since at these points its depend- 
ence on the eigenvalues of x is displayed. In other words, at these points it is possible to de- 
termine simultaneously both the eigenvalues of operator (14) — the wave vector * k — and the 
parity of the state. This can be shown more simply in the matrix form. If it is taken into account 
that the eigenfunctions are of Bloch type, the operator for translation by distance a along the x 
axis is written in the matrix representation in the form 


exp (ika) 0 
exp 


and the inversion operator in the form 


When k = 7n/a, these operators are permutable and can consequently be reduced to the 
principal axes. 

Thus, when k # 7n/a, the energy is a continuous function of k and undergoes a discontinuity 
when k = 7n/a, i.e. the energy spectrum has a “striated” structure. By introducing the reduced 
wave vector K, varying within the limits — 7/a to + w/a, and the number of the band, n, we arrive 
at a general picture of the zone theory, i.e. 


* The wave vector is of course determined only to the accuracy of the term in 27n/a. 
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E = E,, (cos Ka), 
(x, x) = exp (ixx) U, x), (17a) 


2) (x, x) = exp (—ikx) U, (—X, x). (18a) 


In contrast to the ordinary zone theory, it is found that the states corresponding to the bound- 


aries of the bands must be characterized by a determined parity. 
There is obvious interest in constructing a typical diagram for energy bands. As basic func- 


tions for this purpose, simple plane waves can be taken: 


= exp (ikx), = exp (— ikx). 


WY 


FIG. 1. 


When « = 0 there is only an even function simply equal to 1; when * = +7/a, there are both an 
even and an odd function, namely 


cos-—- x =sin—— x 
F1 


The typical diagram of energy bands is shown in Fig. 1. 


2. PLANE LATTICE 


In studying the electron spectrum in a plane lattice we shall take into account the fact that 
the Schrodinger equation 


Ad (xy) + [E—V (xy)] 4 (xy) = 0 (19) 


is invariant for displacements by distance a along the co-ordinate axes, and moreover for the C,,, 


point group transformations *. 
We commence the discussion with an examination of the point symmetry. The C,,, group con- 


sists of the following elements: 


E — identical transformation; =, — reflection relative to the straight line y = 0; 

A, — rotation of 7/2 about the >, — reflection relative to the straight line x = y; 
origin of co-ordinates; 

A, — rotation of 7 about the , — reflection relative to the straight line x = 0; 


origin of co-ordinates; 
A, — rotation of 37/2 about the =, — reflection relative to the straight line x = — y. 


origin of co-ordinates; 


* A description of this group and a table of its characteristics can be found, for example, in the monograph 
by Landau and Lifshits [él. 
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The formative elements can be taken, for example, to be A, and X,. The group can be divided 
into five classes of conjugate elements: 


K,=E; Ky=A;; K3=A,,As; ds; Ke= Da De 


Table 1 of its characteristics is given below. 

Since the formative elements of the group are not permutable one with the other, the electron 
states in a field of this symmetry will be degenerate. The energy terms will depend on the eigen- 
values of the operators. 


A A A A A A 
Ks = 1/2(A,+A3), K,=1/2(>, + (20) 


To enumerate the degenerate states one can use either the eigenvalues of the operator A, or the 
eigenvalues of operator 


TABLE 1. 


Ky K; 


TABLE 2. 


Eigenvalues of operators 


Energy term A 
R, K, 


l 


Sig | K, | — K, | K, 
VOL. | | 
6 | | aa | I | 
| | | | | 
| | | | | 
| 
I; | Z | —2 | 0 | 0 | 0 
| | 
| | | | | 
: | | | | 
E; | | | | | 
Ey | l | | | 
Es | 2 | 0 | 0 | 
| 
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We note also that for the non-degenerate terms, the eigenvalues of these operators can be 
determined simultaneously. 

It is not difficult to see that the operators R, and A, represent physical magnitudes connected 
with the, angular-momentum of the electron relative to the origin of co-ordinates, whilst operators 
K, and &, characterize the parity of the state. Thus, from the symmetry of the system the following 
classification of the states is obtained. 

We now proceed to examine the complete space group. It comprises elements of the forms: 

— translation; 
{a,|0} {elt} — translation and rotation by 7/2 about the origin of co-ordinates; 
ta,|0} {ele} — translation and rotation by z about the origin of co-ordinates; 
{a,|0} {e|¢} — translation and rotation by 37/2 about the origin of co-ordinates; 
{o,|0} {elt} — translation and reflection relative to the line y = 0; 
{o,|0} {ele} — translation and reflection relative to the line y = x; 
{o,|0} {elt} — translation and reflection relative to the line x = 0; 
{o,{0} {elt} — translation and reflection relative to the line y = — x; 
Here t = p,ae, + p,ae, and p,, p, = 0, +1, +2... 
As the formative elements of the space group under discussion the following can be selected: 


{s|ae,}, {elaeg}, {a,/0}, (2,'0}, (21) 


and their eigenvalues will be: 


exp (ik,a), exp (ikya), exp i = + 1. (22) 


The first three of operators (21) are simply expressed in terms of an infinitesimal displace- 
ment, and thus have the following form 


exp(a °-), exp(a 2), ex 


or since 


the following form 


exp(iap,), exp (iapy,), exp(—i-* (23) 


Thus it can be concluded that operators (23) represent certain physical magnitudes, connected 
with the projection of the electron wave vector on the co-ordinate axes and the angular momentum 
relative to the origin of co-ordinates. Since it can be written that 


A 
exp (ia Px) = exp (1K 
A 
exp (la py) = exp (ikya\ 
exp(-— it =exp(—in->) ¢, 


the vector k which figures in this expression is called the electron quasi-impulse and the number 
py. the quasi-momentum relative to the origin of coordinates. It is clear that replacement of 


Ky by Kx + 2nn,/a,Ky by Ky + 2an,/a and p by p + 4m 
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does not alter the eigenvalues of operators (23); there is therefore frequently introduced the reduced 
wave vector K, the components of which vary between —7/a and +77/a, and the reduced quasi-momen- 
tum 2, varying between the limits —2 to + 2. The eigenvalues of the reflection operator characterize 
the parity of the state. It must be noted that since the operators (21), in the general case, are not 
permutable, the physical magnitudes corresponding to them cannot be determined simultaneously. 

We now form the conjugate elements (here u = q,ae, + q,@e,). 


{eZ}, {e|a,t}, {ela¢}, {elagt}, 
{e|3,2}, {ec 2}, {e|3,C}. 


I. 


(4g|0} {2|2,0}, {29/0} {23/0} 

where v=awu—u+t. 
{ay|0} felo,v}, {a|0} {elogv}, {agl0} {elogv}, {a|0} {s|o,v}, 


where v=a,u—u+t. 


IV. 
1%4|0} {24/0} {2/0} {elosvj, 0} 


where v=au—u+t. 


{eH}, {2910} {2/0} (29|0} 


V. 
10,10} {29,0} {9410} {9910} 


where 


(249) {2/30}, {9910} 


VI. 


where v=o,u—u+t. 


VIL 29.0) {2/0}, {210} ‘slag, 


where v=o, —u+t. 


{ 


{9910} {34/0} {elev}, (790; (2410) 


where v=owu—utt. 
Using these expressions, the classes of conjugate elements can be found. From the elements 
of Types II and IV, two classes are found 
1. {2410} elo}, 


2. {elae,} {el}, {elac,; and V = — 


From the elements of Type III, three classes are obtained 


9 
TOL. 
9 
.958 
7 
'0} 


Electron states in crystals 


I. {a 9/0} {elev}, 
2. {slae,! 25/0) {elv}, 
3. {29/0} (s|aeg} (s|Ujand v= — u. 


Consequently, all the elements of forms {a,|0} {felt}, fa,|0} fee} and {a,|0} {e|¢} are distributed 
in five classes. Combinations of elements V — VIII give an infinite number of classes. Thus, we 


shall indicate only the types of class: 
a) {0,0} {e|+ pae,} + je|2gae,}, 
(3,0) + pae,} {e|ae,} {2|2gaeq}, {3/0} paes} {e|2gae,}, 
Thus, the classes of these three types exhaust all the elements of the forms: 
{9,10} {99/0} {22}, {elt}, {el¢}. 


In addition, a separate class is constituted by the identity element, whilst from the Type I 
elements, for various values of ¢, an infinite multiplicity of classes is obtained. 
We now form the class operators: 


= I/N [{a,0} + {29/0}] — 
= + {elae,} {ela,u — u}, 


A 
= 1/N (2510) — 


Ky = I/N {(clae,} + {elae,}] (ela, u —u), 


= I/N (elaee} (sloau — a), 


= I/N {e|+ pae,} {e|2ge,} + (25|0} (e|-+ pae,} {el2gae,}], 


q q 


Kp = (e|+ paey} {elaey) + 
4 
(990) paes} {e\ae,} {e|2gae,}], 
q 


Kp = 1/N [ {39/0} {e|+ pae,| (e: —e2)} + 
+ {9,0} {e|+ pae,} (e, + é)}], 
= 1/8 [{:|+ p,ae, + + {e|+ + p,ae,}). 
and determine their eigenvalues 


Ky (kK, r) (K, r). 
(6, 1) = + (2900118 + 
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(K, r) = x4 (K, r). 


Kod 1) = 4 1). 

(K, r) = 1/2 [exp (ix,a) + exp (ikya)] (K, r). 

(K, r) =x,- exp[i(kK, + Kya] 


A 
a 


Ky (x, r) = 1/2 exp (ikya) + Xp exp (ik,a)|  (K, r). 
k3 (x, r) = 1/2 cos — Ky, + 


+ {9,0} cos paky& (xx +Ky, ) = 1/2 (8, 7). 


A 
Kp.p, (K, r) = 1/2 [cos pyar, Cos ppaky + cos COS p,aky] (K, 


0 when Ky + Ky, Ky—Ky O when Ky Ky # 


2 %q ==: 


a 
mn 


1,0 when Kx -+ Ky, Ky — Ky = when Ky, Ky = 
a 


0 when Ky # ae | 0 when Ky # — 
a 

= 
mn Tn 
+ COS pakywhen Ky = — COS Paky when Ky = 
a a 


2nn 2nn 
‘ 0 when Kx — Ky 0 when Kx Ky 

+ COS pak, when Ky — Ky = — + COS paky when Ky + Ky aaa? 


Since the operators (21) are not permutable one with another, the energy terms are, generally 
speaking, degenerate *. To enumerate the mutually degenerate states one can use, for example, 
the eigenvalues of operators {e|ae,} and {e|ae,}. In this case the states will be characterized by 


the values of vectorx. 
By analysing the table of eigenvalues for the class operators the following conclusions can 


be drawn: 


1. In the case when the direction of vector « is arbitrary, the energy is a function of coskya + 
cos Kya and cos kxa cosk ya, and moreover depends on the actual form of the potential 


* It must be pointed out that in speaking of the investigation of a spectrum in a problem of more than one 
dimension, degeneracy is always infinite, since the equation E(k) = constant is satisfied by an infinite num- 
ber of states. We shall speak here only of degeneracy connected with the symmetry. 
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E = E(cosk,a + cos kya, COS COS Kya). 
Each level is eightfold degenerate, since the functions 


r) = exp li (ky x + Ky (K, 
(kK, r) = exp[i (Ky —Kyy)] (K, r) 
y (x, 7) = exp[— i(k, x + ky y)]U™ (Kk, 
r) = exp [—i(Ky x y)] U(x, 
(K, 7) = exp[+ i (Kk, x— Ky y)]U™ (x, 7) 
(x, r) = exp(—i (Kx x —Ky y)]U™ (x, 1) 
(K, r) = exp [i (Ky x + y)] U™ 7) 
(x, r) = exp[—i(ky x +K,y)]U™ (x, 


belong to one energy level. 
2. If the vector x is directed along one of the lines of symmetry or passes through one of the 


points of symmetry, the energy experiences a discontinuity, since it then displays its dependence 
on the eigenvalues of operators 


(i) 
K, aad K,’. 


We shall not dwell on this matter in detail, but simply construct a typical scheme of energy bands 
for the first zone. As also in the linear case, the simple plane waves can be taken as basic func- 
tions: 


= exp[i(K,x +Kyy)], 
bo = exp [i (Ky xX —Kxy)], 
by = exp[— (Kx x +Kyy)], 


by = exp 
= exp [i(Kyx— Ky y)], 


be = Exp[—i (Ky X — Ky 
= exp [i (Ky xXx— Kxy)], 
by = exp [— i (Ky x + Kry)]. 


When Kk, = Ky = O there is only a single function which transforms according to the I’, repre- 
sentation. Whenk, = 7/a and Ky = 0, a function can be constructed corresponding to the I°,, I’, 
and I’, representations; the same functions are also obtained when k, = andky = 7/a. Finally, 
when ky =Ky = 7/a, a function is produced which corresponds to the I’, and I’, representa- 
tions. A sketch of the energy bands is given in Fig. 2. 

It can thus be concluded that application of group theory techniques to the investigation of 
the problem of the states and structure of electron energy bands in periodic fields leads to results 
which are not obvious when using normal zone theory methods. 

In conclusion the author expresses his gratitude to A.V. Sokolov for his interest in the work 
and valuable comments. 


Translated by E. Bishop 
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EXPLANATION OF THE TRANSVERSE THERMOMAGNETIC EFFECT IN 
FERROMAGNETICS USING DATA FROM THE (s-d)-EXCHANGE MODEL OF METALS* 
N.P. PATRAKHIN 
Sverdlovsk Agricultural Institute 
(Received 6 November 1956) 


An attempt is made to explain the transverse thermomagnetic Nernst effect on the basis of 
the (s-d)-exchange model in ferromagnetic metals. 


1. It is known (see, for example, Genkin and Priporova [1]) that the transverse thermomagnetic 
Nernst effect (more accurately the Nernst-Ettinghausen effect), in ferromagnetics, similarly to 
the transverse electric galvanomagnetic effect, depends on the magnetization of the conductor. 
In ordinary metals the Nernst effect obeys the formula 


(1) 


where E, and H; are the strengths of the transverse electrical and magnetic fields respectively and 
Q some constant for the material. We shall put formula (1) in a form similar to the Hall effect for- 
mula 


Ey = RH,j«. (2) 


Here R is the Hall constant, j, the electrical current density. To do this, we note that the 
thermal current density is equal to 
, OT 


=K 
qs Ox 


where K’ is the coefficient of thermal conductivity. Then 
Ey = R’ Ha x. (4) 


here R’ = Q/K’, which is analogous to the Hall constant. 
Experimental investigations indicate that the value of R’ for ferromagnetics is tens of times 
greater than for ordinary metals. In ferromagnetic metals we have 


Ey= R; I, (5) 


It is possible that (whilst experimental work of this kind has not been carried out) we should 
find 


Ey=R, Hq. +R; (6) 
where the first part refers to the “normal” Nernst effect, and there are no grounds for supposing 


that this has a considerable magnitude in ferromagnetics. If so, our studies have to do solely with 
the second part (the “abnormal” Nernst effect) 


* Fiz. metal. metalloved. 6, No. 1, 58, 15-22, 1958. 
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In 1952 the present author gave [2] a quantum-mechanical explanation of formula (6). In the 
present paper an attempt is made to give an explanation of this formula by a somewhat different 
method, but above all taking into account spin- orbital interaction and utilizing the data provided by 
the (s-d)-exchange model of metals proposed by Vonsovskii [3]. 

2. We shall assume that the conduction electrons, namely the s-electrons, are responsible for 
thermal conductivity in a metal. Of course, the thermal conductivity of the lattice and also the con- 
tribution to conduction and consequently also to heat conduction due to the d-electrons, must influ- 
ence the galvanomagnetic effects, but this refinement will be a consequence of the present theory. 
To solve the problem we shall find the distribution function for the s-electrons. 


Here ¢ is the energy of an s-electron; ¢ is the limiting energy on the Fermi boundary surface. 
We form the temperature gradient which produces the thermal current q, and the spin- orbital 
interaction, 


Uc. 


2e 


Ze = 
%, (7) 


where Z is the effective charge on an ion, lo and v the magnetic moment and velocity respectively 
of an s-electron, and r; the radius-vector from the jth ion to the s-electron. 

We shall first carry out the calculation for a sample domain, magnetized along the OZ axis. We 
note that the presence of 07 /dx renders the function f, dependent on the coordinates, i.e. Of,/dx 4 0. 
Further, we give attention to the fact that in setting up steady-state conditions in the values of 
(Of/0t) fieig OF (Of/dt) field H about the values a/h (Of/0€,) and a/h (0f/d€,) (A here is the 
Planck constant divided by 27), multiplying factors enter, which correspond to the projections of 
the forces acting on the conduction electron (Bethe and Sommerfeld [4], para. 46, and elsewhere). 
Here &, and & are the projections of the wave vector and a a constant of the metal lattice; the 
lattice is taken to be cubic. 

In the conditions under discussion, there acts upon the conduction electron, on the part of one 
ion, a spin-orbitral force with projections (in the two limiting cases) of 


2Zeup _ 2Zeup 


where 1g is the Bohr magneton. 

The existence of spin-orbital forces has now been fundamentally explained; in this case, in 
the directed motion of electrons along OX, the contribution of the separate ions to force (8) will 
mutually reinforce each other. At the same time it must not be forgotten that the properties of the 
“s-electrons” (as they are called in the free atom) will be qualitatively different in the metal. 
Whilst not being in possession of accurate functions for s-electrons in metals, in the present case 
(in which we are aspiring to a qualitative picture of phenomena) we can, without too great an error, 
express the result for the summation of (7) and the quantum-mechanical average in the form 


x) 


€ 
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where the parameter 6 can vary as a function of the state of the conduction electron and, by virtue 
of the rapid fall-off of the spin-orbital forces, is apparently of the order of (1/a‘). Then the condi- 
tion for steady state (see, for instance, paras. 7 and 46 in Bethe and Sommerfeld [4]), assumes the 


form: 


by, = v, of +0 
/eollision RNG, (10) 


Here the external fields Ey and H, have been discarded and the effect of the field Ey and the 
derivative d7/d, on the function f is ignored. 

According to the concepts of the (s- d)-exchange model of metals, exchange interaction between 
s-and d-electrons in ferromagnetic (transition) metals leads to a powerful “magnetizing” effect by 
the 3d-electrons on the 4s- electrons, as a result of which there are changes in the energy spec- 
trum of the s-electrons, their effective mass m*, the free path time 7, the magnitude of the che- 
mical potential d etc. At the same time the spin and correspondingly the magnetic moment of the 
s-electrons undergoes parallet (+) or anti-parallel (—) orientation of the Z-component, by virtue of 
which the energy spectrum, the values of m*, 7, ¢ etc. will differ in respect of electrons with paral- 
lel (“right-hand”) and anti-parallel (“left-hand”) orientations of magnetic moment. 

Moreover, since in this model the motion of the inner (d-) electrons is treated by means of the 
normal many-electron exchange theory of Heisenberg and Frenkel, whereas the motion of the outer 
(s-) electrons is treated by means of the normal Bloch single-electron theory, to the first approxi- 
mation the existence of exchange interaction between s-and d- electrons introduces no fundamental 
changes in the results of the normal one-electron theory. Thus, in the absence of thermal vibrations 
of the ions, the s-electrons will pass “freely” through the crystal lattice, whilst the nature of the 
interaction between the “inner” electrons and the ions, and in particular the nature of the spin- 
orbital interaction, will remain unchanged. 

On this basis, we shall consider the contribution to thermal conductivity, and also the func- 
tion f and the relationship (10), separately for each “variety” of s- electron. Introducing the ab- 


breviation 


we rewrite (10) as 


(11) 


Relationship (11) has been obtained previously [2] from more detailed quantum-mechanical 


calculations. 
3. Confining attention to the high temperature range, we write for the relaxation time r 


(12) 


collision 


The signs (+) referring to the individual terms will be discarded temporarily. Substituting (11) 
in (12) and neglecting the spin-orbital interaction, we obtain 


(13) 
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Differentiating we find 


whence we obtain 


ae DA 
ar] ax (14) 


Formula (14) gives the distribution function as disturbed by one purely thermal current. 

For the following approximation we substitute f, in formulae (11) and (12); in the first term of 
formula (11) it is sufficient to substitute f,, since the correction to the first approximation is quite 
small compared with f,. After substituting f, in the second and third terms, they cancel each other 
out. Physically, this signifies that the spin-orbital interaction only changes a function which is 
already disturbed by the effect of a temperature gradient. Therefore, in the later terms of (11) we 
substitute f,. Thus we obtain 


Ofo Ba 
'y ra “+ 
AT 1 OT Ofo 
&, Ox a 
d9\ OT df, @ AT 
db, de de 


We manipulate (15) using the relationships 


(B+ Bp) +), (17) 


where a, a, 8, 8’ are constants connected with the exchange integrals (cf. Vonsovskii [3]) and 
is the mean magnetic moment in Bohr magnetons per d- electron (a dimensionless value). 

Thus we find for the distribution function, disturbed by a temperature gradient and by spin- 
orbital interaction: 


Ofo 
oT } dx de ~ 


OF OX. 


(18) 


We note that in the absence of spin-orbital interaction (B =Q), we have a normal distribution 
function, disturbed only by the temperature gradient; on the other hand when 07/dx = 0, spin-orbital 
interaction can no longer alter the function and we have f= fo. 

4. We now calculate the density of the longitudinal thermal flux q,. We consider the thermal flux 
as the sum of thermal fluxes produced by s-electrons of two “varieties” (with “right-hand” and 
“left-hand” spin orientations respectively): 


qx vt et ftapt + e fdq@, (19) 


db = — dis diy dis. 
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Note that « and f, are quadratic functions of £,v; is a linear function and r depends only the 
modulus of €, since (cf. Vonsovskii [3]): 


dv, /d&, is independent of &. 
On substituting (18) in (19) the first and third terms in function (18) become zero, by virtue of 


the non-parity of the integrands with respect to &. Thus we find 


dit diz + | 


We next turn to integration with respect to the modulus of é and then to integration with respect 
to «. This transition is possible, since the filling of the energy band can be regarded as of a low 
order and consequently the energy surface can be regarded as approximately spherical. It is also 
taken into account that the function Of,/de approximates in form to a delta-function with its maxi- 
mum in the Fermi boundary; this makes it possible to bring a number of factors outside the inte- 
gral sign, inserting their values at the Fermi boundary (in particular « = y). We also take into ac- 


count the fact that 
de ] 
de 4 
and thus obtain 


=> OT U - 


As is known (cf, for example, para.3 in Bethe and Sommerfeld [4]) to a first approximation 
dp/IT = 0, whence q, = 0. We therefore take the chemical potential to a second approximation, as 


2 


where ¢, is the value of d at absolute zero. Thus 
K2 
Hence, the thermal flux, as in the free electron theory also, in contrast to the electrical con- 
ductivity, is a first-order effect and can be calculated only to the second approximation. 
Substituting (23) in (22) and using (16), (17) and (20) together with the relationships: 
(3 +8 


+ 
(Uxy)o = 
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= 3(Es, y, 
= (2na)? = (l+p’), 


where n + is the number of s-electron per unit volume with “right-hand” or “left-hand” spins 
=nt++n-, pis the mean magnetic moment of an s-electron in Bohr magnetons (u’ = K, yu 
where K, is of the order of unity) 
we obtain 
4a°xtAK2n? 


As can be seen, the spin-orbital interaction has no effect on the thermal flux along the bar. 
5. We shall find the transverse electrical current density from the formula 


where it is assumed that the current jy is made up of the partial currents of inner electrons with 
different spin orientations. 
Substituting the distribution function (18) in (25) we see that the first and second terms in 
the function become zero, due to the non-parity of the integrands, i.e. in itself the temperature 
6 gradient does not produce a lateral ordered displacement of electrons. The third term in f gives 


958 


ath Ox 


Of) 


We next turn to integration with respect to the modulus of the wave vector € and then with 
respect to the energy «. In doing this we take note of the delta form of the function Of,/de, and 
bring all the variables outside the integral, at their values at the Fermi boundary, bearing in 
mind the formulae used in calculating q,. 
We then find 
4BeAtan? aT { 


Ox {a —a'n + B+ 


Here the chemical potential d, in the denominator is replaced by the value of the electron 


energies in the Fermi drop. 
We transform the expression in the denominator of (26) as follows: 


ef =a Fa’p + (B+ = F 
where a, and a, are new constants and powers of p above the first are neglected. 


Substituting (27) in (26) after replacing (€+)o, we find finally 


98eA 2a or 
Th+ Ox 
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2 


i + (1 + (a, + oop) — — (1 — (1 — 
23 
ay — 


(28) 


6. Using the relationships already obtained, we turn to a determination of the “abnormal” part 
of the Nernst effect, for a domain magnetized along the OZ axis. 

In the case of an unbounded conductor in the OY direction, with the current density jy there 
is connected an electrical field of intensity E . When the transverse dimensions of the conductor 
are limited, there arises an accumulation of charges on the lateral boundaries of the conductor, as 
a result of which a transverse field Ey is produced, which balances the fields E 4. 


Hence we have 


(29) 


We multiply (29) by gx/qx; gx in the denominator is substituted from formula (24) and jy from 


formula (28); for g we use an expression obtained previously [2]: 


(the latter agrees with the formula obtained by Vonsovskii [3].) As a result we find 


6= 


Ey = B + (a1 + — (8B — (1 — 2’)? (2) — 


Bearing in mind that p’=k,p and neglecting powers of p and p’higher than the second, we obtain 


[29 + 4a, + 214 


and [act + (©) ] 


B 


Ey=-— 
\ B 


1 


Using the relationship (u’+ yw) = (K, + 1) p, the formula for B and finally the obvious relation- 


ships 
» “so “a 


(b being a constant of proportionality of the order of unity), we have: 


i 


2 
s0 


where 5 and y are new constants dependent on the exchange integrals, 5 also depending on the 


parameter 0. 
If a ferromagnetic specimen is spontaneously magnetized, in a direction not coincident with 


OZ, formula (30) assumes the form (since 
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Ey = R; bet: (32) 


When formula (32) is averaged over the randomly orientated domains of a magnetized poly- 
crystalline ferromagnetic [2,5], we obtain 


Ey =Ri12 (33) 


where /, is the intensity of magnetization. 

Hence, in the case of the Nernst effect, the strength of the transverse electrical field must 
depend on the intensity of magnetization of the ferromagnetic conductor. 

The numerical value of the constant depends on the spontaneous magnetization, similarly to the 
constant FR; in ferromagnetics [2]. Actually, 


3) - 
IR; |= — | 


so 


or, finally 


= Rimes |! 


in which powers of (15/15 9)above the second are neglected. 

Quantum mechanics does not facilitate an accurate determination of the constants 5 and y, 
since the exchange integrals enter into them. Here, however, we may note that formula (33) agrees 
qualitatively with experimental results (see for example, Genkin and Priporova [1]). As regards for- 
mula (34) there have so far been no accurate experimental investigations of the constant R 7, with 
which this formula could have been compared. 

Attention is drawn to the fact that in the present paper the relationship between Ey and 1, and 
equally that between R ‘7 and /2 are obtained by a completely natural procedure, as an outcome of 
taking into account the spin-orbital interaction and using the results of the (s-d)-exchange model 
(the same was done also in previous work [2]), and that we did not have to introduce the magneti- 
zation by making additional assumptions, as was done for example by Karplus and Luttinger [6]. 

To all this we would add that rough estimates of the constants 5 and y give reasonable 
orders of magnitude. 

In conclusion, I take this opportunity of expressing gratitude to Corresponding Member of the 
Academy of Sciences of the U.S.S.R.,S.V. Vonsovskii for his valuable comments on the problem 
discussed. 


Translated by E. Bishop 
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SOME ASPECTS OF THE THEORY OF SEMICONDUCTORS WITH NARROW 
IMPURITY BANDS * 

V.M. NITSOVICH 

(Received 27 November 1956) 


The properties of an electron gas in a narrow impurity band and in a semiconductor with a 
narrow impurity band are examined. The limits of applicability of the effective mass method for 
calculating chemical potential are established. The density of distribution of states in cubic 
and body-centred lattices is calculated. 

The temperature dependence of the electrical conductivity for a narrow impurity band for 
different populations of the narrow band, for a semiconductor for different energy gaps between 
the narrow and conduction bands is calculated. 


1. INTRODUCTION 


The existence of narrow impurity bands in semiconductors is now generally accepted. A cri- 
tical view of the experimental work and attempts at theoretical treatment are given in [1]. 

The following problems arise about the theory of impurity bands: 

1. How does a disordered distribution of impurity atoms affect the energy spectrum of the im- 
purity band, and does the width of the band depend on the degree of ordering of the impurities, and 
to what extent can the theory of strict ordering of the impurity atoms be used for describing the 
properties of the impurity hand ? 

2. What are the equilibrium properties of the electron gas in the narrow energy band, and how 
do electronic processes occur in it ? 

In this respect one may foresee the following basic differences in properties of the electron 
gas in the narrow band from its properties in a very wide band, such as in usually considered in 


the theory of metals and semiconductors: 

(a) As Vonsovskii [2! indicates, with uniform filling of the energy band by electrons, the result- 
ing current caused by the electrical field is zero. If the electron gas is in an energy band whose 
width is of the order of x7, then as the temperature increases the electrons become more or less 
uniformly distributed through the band, which should cause a greater fall of electrical conductivity 
with increase of temperature than is predicted by the usual theory. 

Also, it has been shown [3,4] that electrons in the upper half of the energy band cause a hole 
effect for the thermo-e.m.f., the Hall effect etc. hence thermal dispersion of the electrons in a nar- 
row energy band sharply reduces these effects when temperature increases. 

(b) In a very narrow energy band evidently, the correlation of electrons, i.e. a sharp decrease of 
the probability of finding two electrons close to a single atom is of considerable importance. In a 
case of isolated impurity levels it is usually assumed that there is complete correlation, i.e. the 
probability of simultaneously finding two electrons on one impurity atom is zero. In a narrow band, 
there may be considerable though not complete correlation, which depends to a large extent on 
electronic processes in the impurity band. 

These problems have been discussed in a series of papers. The first was discussed in [5,6]. 
The main result was that the density of the state in the narrow energy band for a disordered ar- 
rangement of impurity atoms, is very diffuse towards the edges so that there is no sharp boundary 
to the band. However, since the states are basically concentrated towards the middle of the band, 
the theory that the band has a finite width, with sharp boundaries, is a sufficiently good approxi- 
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mation for many phenomena, and in these cases the theory of a strict ordering of the impurity atoms 
can be used. The effects of thermal dispersion of electrons in the narrow band on various properties 


of the electron gas and the electron processes have been discussed in [3, 4] for the special disper- 
sion equation: 


= — A (cos axy, + cos @ky + COs az) (1) 


(which applies for a simple cubic lattice in the theory of strongly bonded electrons). 

However, in these papers as in the usual band theory, electron correlation has been complete- 
ly ignored (see section 2). The effect of electron correlation on the electrical conductivity is qua- 
litatively discussed in [1]. 

Our paper is a continuation and generalization of papers [3, 4}. In the first place, we make a 
quantitative analysis of the general range of widths of the narrow energy bands and establish the 
limits of applicability of the usual band theory, secondly we examine also the properties of the 
electron gas in a narrow impurity band with the dispersion equation: 


a a 
e=—A (Ky + Ky Kz) + cos (Ky + Ky —Kz) + 


a a 
+ (Ky — Ky + Kz) + cos (Kx — Ky — Kz) 


(for a body-centred lattice in the theory of strongly bonded electrons). 

The density of states for both dispersion equations is found. In the deduction of an equation 
for calculating electrical conductivity, the dependence of the relaxation time on the energy is 
taken into account, and for certain values of the parameters the temperature dependence of the 
electrical conductivity both for metal with a narrow energy band and for a semiconductor with a 
narrow impurity band, is taken into account. A study of other effects, and a comparison between 
theories and experiment are held over for another paper. 


2. DEDUCTION OF EQUATIONS FOR DETERMINING CHEMICAL POTENTIAL 


In [3] an equation is deduced for determining the chemical potential of a simple cubic lattice. 
For a single impurity zone this equation has the form: 


Qui 


(op) a8. 


It can also be put as follows: 
2 (sin wB 
= 
n + Jo (63) a}, 


where n is the number of electrons in the zone, and ny is the density of atoms of impurity; 


being Bessel functions of the real and imaginary arguments, respectively, of zero order. 
Hence, here we deduce an equation only for a body-centred lattice. Then the expression 
for the energy is given by equation (2). Let us put : 
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y = (Ky — Ky Kz), 


Ky K-) 


4 


and note that in the body-centred cubic lattice there are two atoms per elementary cell; since the 
number of atoms in unit volume ny = 2/a’, the statistical sum can be written 


exp {b[cos x+ cos y +cosz +cos(y +2 — dxdydz. 


The Brillouin band in x-space is a rhombohedron with a 27 side, hence the integration interval 
for each of the variables will be 27. For convenience we take the integration interval as (— \ 7, 


— 3n/2). 
It is easily shown that by putting the expression for the 5 function in the form [7] 


VOL 


— x) = (6) 


we can write 
2 


exp[bcos(—x+y+2z)]= J exp (bcos v) 8 (v +x —y—z) dv. (7) 


2 


If equation (7) is inserted isto (5) and equation (6) is used, we obtain after changing the order 


of summation by integration 


on y ff if exp [b (cos x +cos y +cosz + cos — 


fiw—o 


—i(v+x—y—2)] dxdydzdv. 


After a substitution of variables x = x°+ 4m has been made, with similar changes for y, z and v, 
equation (8) becomes 


Z= exp (— bsin x’—inx’ — bsin y’+iny’ — 


— bsinz’ +inz’ — bsin v’ — inv’) dxdydzdv. 


(9) 


Using equation (8) 
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{exp (asin ® + in®) = 


and integrating for each variable separately, we finally obtain: 


Z == (0), (11) 


where /,,(b) is the n-th order Bessel function of the imaginary argument. To determine the chemical 
potential we can use an equation [9, 345] which after insertion of the expression for the statistical 


sum for a body-centred lattice (11) has the form: 


ico 
exp(ys) +4 
az 2 
n No i (68) d8. (12) 


N=— 


With transformations similar to those in section 2 of [3], we finally obtain 


~ 


n= (I + Jn (08) 43) 


co 


with the aid of which we can calculate the chemical potential as a function of the band population 
i.e. as a function of (n-n,) /no, and as a function of the temperature for different band widths. 

For a semiconductor with a narrow impurity zone the calculation is made for the following 
model (Fig. 1): narrow impurity donor and conduction bands are considered and transitions of elec- 
trons from the impurity to the conduction band are considered. The valency band is ignored. To 
determine the semiconductor’s chemical potential the equation for constancy of the total number of 


electrons: 


J 


FIG. 1. 
Mg (1) + (p), (14) 


is used, where n,() is the number of electrons in the impurity band, and n,(jZ) the number in the 


conduction band. 
The number of electrons in the impurity band n, is calculated by equation (4) for a cubic, and 


by equation (13) for a body-centred, lattice. The potential is reckoned from the middle of the narrow 
band with respect to the bottom of the conduction band; it is p»—3b —Ae where Ae = Ae/nxT; Ac is 
the energy difference between the bottom of the conduction band and the ceiling of the narrow band. 
For calculating the number of electrons in the conduction band we can use: 


(15) 
Me = ane Sin l* (» — 3b — As)], 
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26 


where {1/2[7( — 3b — Ae] is the Fermi integral for n = —, When equation (13) and (15) are subs- 
tituted into equation (14), we obtain: 


sinus 4 
Jn (08) = — fa — 30 — 


Since fy [m( — 3b — Ae)] > 0 and since numerical calculations show that the integral 


sin 


0 n=— 


is positive when j > 0 and negative when p < 0, for any }, in equation (16) n< 0. This means 
that when the impurity forms a body-centred lattice and the impurity band is narrow, for a monova- 
lent impurity, independent of the concentration of impurity atoms, the electron gas is not degenerate 
in the conduction band. The same result is obtained for a cubic lattice [3]. 

The electron gas can become degenerate when the impurity band again cuts out the conduction 
band or when the impurity is not univalent. In the case of a limiting transition from the impurity band 
to a local level, that is for b = 0 in equation (13) it follows that the number of electrons at the 


local levels is: 


1+ exp (- 


n, = 


the ‘2’ in the numerator indicating that there are two electrons in the local level, which is permit- 
ted by the Pauli principle. However, two electrons cannot exist at local univalent levels because 
of the strong coulomb repulsions between them. Hence in calculations of f for local levels equa- 
tion (18) 


2n 


(— (18) 


K 


should be used [3], allowing for the fact that in the impurity level one electron is more likely to be 
found. If we use this equation for calculating the chemical potential, we obtain: 


exp(—™) _ 4 [x — 3b —Ae)]; (19) 


2 exp (— mu) 


whence it appears that p can be either positive or negative. Evidently the coulomb repulsion of two 
electrons, present in one atom in wide bands, is not important, but when the band is fairly narrow, 
this repulsion is not small enough to be neglected. The width of the band above which the repul- 
sion can be ignored, and equation (13) used for calculations, we have not been able to determine. 


3. RESULTS OF CALCULATING THE CHEMICAL POTENTIAL 


The chemical potential was calculated for a simple cubic lattice. In the case of a single im- 
purity band the calculation was made with equation (4), and the calculation results obtained by 
graphical integration. We calculated the dependence of the potential on the population of the band, 
that is on (n — no)/no, and on temperature. Values of p (n — n,)/n, where calculated for various 
band widths (different bs), and the results of these calculations are in Fig. 2; n was taken 10, 5, 
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2, 1 and 0.1. The symmetry of the curves about the origin is interesting (the energy datum point 
was taken as the middle of the band). When the band is half-full, the potential is zero for all b’s. 
When the band is more than half-full the potential is positive, and negative when it is less than 


half-full. 


FIG. 2. 1—6=0.1; 2—b=1; 3—b6 =2; 4— =3; 5—b=5; 6—b5b=10. 


Fig. 3 shows the temperature dependence of the potential! for a narrow impurity band for different 

populations of the band (whose width is 0.06 eV). It is interesting that when the band is more than 
half-full the potential increases with temperature, which means that as temperature rises the elec- 
tron gas becomes more degenerate. When the band is less than half-full, the potential becomes in- 
creasingly negative as temperature increases and consequently the electron gas becomes less de- 


generate. 
We also calculated the chemical potential of semiconductor. Since when the impurity band is 


narrow the electron gas in the conduction band is not degenerate [3], the number of electrons in 
the conduction band n, (1) can be calculated from: 


(p) = 2 exp [= (v — 30 — (20) 


where m* is the effective electronic mass in the conduction band. If equations (20) and (4) are subs- 
tituted into equation (14), we obtain an equation for determining the chemical potential in a semi- 


conductor: 


# (T) was calculated graphically, with equation (21), with an error of + 1 per cent, and with no = 


10**/cm?. 
The curves in Fig. 4 are for different gaps between the impurity and conduction bands. If the 
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gap is zero, the impurity band is adjacent to the conduction band. A negative gap means overlap- 
ping, that is the upper edge of the narrow band is above the lower edge of the conduction band. 
Fig. 4 shows that as temperature increases the chemical potential becomes more negative, and 
therefore there is no degeneracy of the electron gas. 


300 $00 780 7 


/ 

2 
J 
y 


-03 
(4, eV 


FIG. 4. 1— Ae = 0.06€V; 2— Ac = 0.03€V; 
3—Ae=0; 4—Ae = —0.03eV. 


4. LIMITS OF APPLICABILITY AND EFFECTIVE MASS METHOD IN CALCULATING 
CHEMICAL POTENTIALS 


It is usual in the theory of metals to use for the electronic energy an equation of the form: 


(22) 
2m* 
which is obtained from equation (2), by expanding the cosine in a series of ascending powers of x 
and taking only the square terms of the expansion. In equation (22), m* = h?/Aa? = the effective 
electronic mass. 


If equation (22) is used for the energy, the usual equation for determining the chemical potential 
of an electron gas is obtained: 
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— fh, , +36)]. (23) 


4 
n= Ny 
(2x = 
If the chemical potential is calculated from equation (23), it can be seen from Fig. 5 that it not 
only does not yield a plot coincident with that obtained from equation (4), but it is not even sym- 
metrical about the origin. (Curve A is calculated from equation (4), and curve B from equation (23). 
It can also be seen from Fig. 5 that both methods yield coincident results only at low populations. 
Hence it is important to analyse how one can obtain from equation (3) the usual equation for deter- 
mining the chemical potential of an electron gas.Of course, equation (3) should revert to the usual 


4, 
D 


FIG. 5. 


form for a wide band (large 5) and then one can use the asymptotic expression i, (b8) = [exp (b8)|/ 
(27b8). If we substitute this into equation (3), we obtain: ’ 


14/0 
_2Mo l exp ( + 36) d3. 
(2nb)*? Qni 8° 2 sin 8 


This integral can be written in the se form [9]: 


n= 


@ + 30)), 


which is identical with equation (33). But if we take the subsequent terms in the asymptotic expan- 
sion of /, (bf), that is: 


ig (08) = {1+ + 


Equation (24) becomes: 


n= [= ( + 36)] +— fay (u + 36)] + 


As can be seen from Fig. 5, the coincidence with the accurate equation (4) is considerably 
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improved, if the succeeding terms in the expansion are used. (Curve C was calculated from equa- 
tion (26) with two terms, and Curve D with three terms). Consequently for the ordinary theory to be 
correct we require not only a large 5, but also a small population of the band, that is a fairly ne- 
gative 2. We can in fact indicate the values of the potential, at which both methods start to yield 
coincident results. In equation (26) we can replace the Fermi integrals by their asymptotic values, 
i.e. [10] 


it 


Then equation (26) can be written: 


2 b b 1120 


From this equation we see that if 7 /b + 3 < 1 all the terms except the first inside the curly 
bracket can be neglected. Hence coincidence should start from the point where p < — 2 b as is 
actually observed (Fig. 5). 


5. DEDUCTION OF EQUATIONS FOR CALCULATING THE DENSITY OF DISTRIBUTION VOL 
OF STATES 6 


For calculating the density of states g (c) we first find: 
Obviously, 


G (e) is equal to the number of states with an energy less than or equal to «. We know [9-278] 


that: 


exp (Be) Z (A8) 


where Z (Af) is the statistical sum; for a cubic lattice [3] 
Z (AB) = (A8). 


With equation (31) we find: 


o+ico 
G = —— exp (Be) 13(A3) 


oo 


With a transformation similar to that in section 2 of [3] we finally obtain 


sin 
Ge) = + (a) i| 
0 
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According to equation (29) 


No 


g&(e) = \ cos aj} (2) da. (34) 


0 


It can easily be shown that the expressions obtained revert for wide bands (large A) to the usual 
equations for determining the density of states g (e) and G(e). At large A’s we can use the asympto- 
tic value of the Bessel function (equation (25)). If this is cubed and introduced into equation (32), 
we obtain: 


2 exp + 3A) B} __ 33 
G a3 (2nA)°? 3° 2 8A8 128 a. 


With e) = « + 3A, which means transferring the energy datum to the lower edge of the band, and 
after integrating [9-345] equation (35) becomes: 


2 

8x (2m*)/2 35 


Consequently, 


In the usual theory [9-349] the density of the states g (c) and G(e) is limited only by the first terms 
in equation (36) and (37). The last two terms in these equations are corrections to the usual equa- 
tions. In Fig. 6 are plotted distribution curves for the density of the states in the band as functions 
of the energy (Curve A was calculated from the accurate equation (34). 
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08 


FIG. 6. 


Curve B was calculated with the usual equation, i.e. equation (37) only the first term was taken; C 
was calculated with two, and D with three, terms. For a body-centred lattice, we obtain by a calcula- 
tion analogous to that for the cubic lattice; 

€ JA ( )d (38) 
— cOS — (a) da. 


n=—X 0 
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FIG. 7. 


Fig. 7. shows plots of the distribution of the state density in the band for cubic and body- 
centred lattices as functions of the energy. These curves were obtained by numerical integration 
in equation (34) and (38). From Fig. 7 it can be seen that the state for a cubic lattice (curve A) is 
more or less uniformly distributed up the height of the band and the distribution density smoothly 
tails off towards the edges of the band, while for the body-centred lattice (curve B) the state is 
mainly concentrated around the band centre. 


6. DEDUCTION OF EQUATIONS FOR CALCULATING ELECTRICAL CONDUCTIVITY 


For calculating electrical conductivity we start from equation (14) 


dry 


where v, = h*de/dk, = velocity of the electron along the x axis, f, the equilibrium distribution func- 
tion, 7k = «& — u)/kT, r = relaxation time. For the calculation the rate vz averaged over a constant 


energy surface must be found: 


de | dz. 
e+-de 


With equation (13) for r 


a—3u? 
(41) 
where M is the mass of the lattice atom, u is the sonic velocity in the crystal, and C is the Bloch 


constant. 
The equation for electrical conductivity we write as: 
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4n (KT)* C2 ) 


Let us obtain 72 by calculation. For this we introduce the following function [9-276]: 


_ when x<0 
f when 


In our case 


Since dl (x)/d(x) = 5 (x) is a delta function, equation (40) can be written: 


2 48 ef 
exp —- | exp (—eE 

h? de ( P) Ook 


g—jeco 


(45) 


where the internal integral is taken over the whole Brillouin band. Consider the following integral 


A = i exp (—<'8) (46) 


After this has been integrated by parts, and since in the expression for the energy (for the cubic 
equation (1), for the body-centred lattice equation (2), the values of: xy, ky, and kz are equiva- 


lent, we can write 


A \ex (e’B) dtp, 
38 


z 


Oe Ore 
2 2 2 
ak? ak? 


=—C,¢, 


where c, = a? for a cubic, and 3 a?/4 for a body-centred, lattice. 
Let us extend the « space to layers, delimited by constant energy surfaces and let us integrate 
over these layers. Since in each such layer the energy surface integral is equal to the statistical 


weight, that is: 
dt, = g (c’) de’, 


A 


Equation (46) becomes 


exp (ep) fexp (2'8) de’. 


3h? Qni de P 
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Differentiating with respect to « and taking into account the definition of the function J (e — «’) we 
find: 


Ux eg de. 


e=min 


(48) 


For a cubic lattice the minimum energy in the band is 3A. Using for g (e) its value from equation 
(34), and the value of C, and integrating by parts, we obtain 0 2 for a cubic lattice 


re ©) { sin 

where J, (a) is the Bessel function for the actual first order argument. After integration for the 


energy we finally obtain 


J? (a) J, ( 
cos —— ada. 


0 , 


For a body-centred lattice we find: 


i (a) [Jn—1 (@) (2)] ihe. 


ar 
oy de” 


integration of equation (42) by parts yields for a cubic lattice 


de. (53) 


de \ / 


4xC2kT 


34 
= \ Io 

34 


Since in analytical form these integrals cannot be calculated, let us first study the plot of 0 2/g(e). 

This is shown in Fig. 8 for a cubic lattice. The quantities 02 and g (e) were obtained from equa- 

tions (34) and (50) by numerical integration. Using the proper representation of 02/g(e) (curve A) 

let us replace the plot in Fig. 8 (curve B). Equation (53) after some rearrangement can be written: 
3e*Mu2 =A? 1 (1 + exp [by (ur + 3)]) (1 + exp [by — 3)]) 

— In + 


by exp [by (us + 1,8)]) (1 + exp [61 — 1.8)))) 


(— lt exp nb, + 3) A (nb,), when 


n=1 


a] 
+3 41 erp {[— 7b, (u + 3)| + exp [nb, + 


6b? 
when — 1.8 >p, >—3 


n=! 


— (2.88 + 1.2p,)+ (— 1)" exp nb, + 1.8)] A 
when > — 1.8 
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(- - 1)" exp [a (p, — 1.8)] A (28,), when p, < 1.8 


n=!) 


exp (uy — 3)]+ exp [— nb (ui — 1.8)) 
n? b? 


when 18 <p, <3 
(2.88 — 1.2p,) + exp [— nb, (p, — 3) A (nd,)], 
when p, >3, 


1 — exp (— 1,2nb) 
n? ‘ 


With equation (54) the electrical conductivity of a metal with a narrow band and in a narrow im- 
purity band of a semiconductor can be calculated, wi.en the atoms form a cubic lattice. 


8. RESULTS OF CALCULATING ELECTRICAL CONDUCTIVITIES 


The electrical conductivity was calculated for a simple cubic lattice. For a single impurity 
band the calculation was made with equation (54). The dependence of the conductivity on temp- 
erature was calculated for various band populations. The results of these calculations are shown 
in Fig. 9, whence it is obvious that thermal motion of the electrons lowers conductivity. The con- 
ductivity of the narrow band is proportional to 1/7? at high temperatures. At low temperatures it is 
proportional to 1/7, because then there is little thermal motion of the electrons. It is interesting 
that the same electrical conductivity is obtained for bands filled to the same extents above or 
below the half-way line. Hence when the band is filled less than half electronic conductivity pre- 
vails, and when it is more than half filled, hole conduction. 

We calculated the electrical conductivity of a semiconductor. The total conductivity o of a 
semiconductor with an impurity band is equal to the sum of the electrical conductivity due to the 


impurity band o, and the conduction band o, 


0=0,+0;- (55) 
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To calculate the value of a, let us use equation (39). in which we take 


Ux 


The relaxation time is calculated from equation (41), and the usual form of gle) is taken [9-349]. 


We then obtain: 


A exp [= 3b — Ao]. 

2nhC?a (56) 
The value of o, is calculated from equation (5). When the calculated values of jy (7) are inserted into 
equations (56) and (54) o (7) can be calculated. Fig. 10 shows plots of o against T for various Ae’s, 
from which we see that the conductivity decreases as temperature increases. This is because there is 
a gap between the conduction and impurity bands, and at low temperatures the number of electrons 
which through thermal motion fall into the conduction band from the impurity band is very small, so 
that the conductivity is determined mainly by the impurity band, but at higher temperatures most of the 
electrons go into the conduction band, and the conductivity is determined mainly by the electrons in 
this band. As can be seen from Fig. 10, the electrical conductivity of the conduction band has a 


maximum when plotted against temperature, 


FIG. 9. 


n— My 


Ng No 
ne 


because of the temperature variation of jt. The maximum on the conductivity curves (Fig. 4) occurs 
at approximately the same temperatures as those at which the linear fall of pf with temperature com- 
mences, hence exp (u/kT) remains constant, and the temperature dependence of the mobility begins 
to have an effect. This temperature dependence of ji is closely connected with the non-metered elec- 
tron correlation. Hence from the temperature variation of the chemical potential of the electrons in 
a semiconductor we can find out when electron correlation is important. 

Fig. 11 shows the variation of In mobility with In T in the conduction and impurity bands of a 
semiconductor. The mobility in the impurity band j7, is larger than that in the conduction band fia» 
because of the small effective mass in the impurity band. These mobilities are both proportional 
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FIG. 10. ¢, 93, with Az =0.06eV; 9’, a, with Ae=0.03eV; 


958 a with Ae = 0. 


to 1/T1% (Fig. 11). 


Hence in calculation of transition of electrons from the narrow (impurity) band to the conduction 
band the mobilities of electrons in both bands are proportional to 1/T7!%; this is due to the absence 
of dispersion of electrons in this band, as can be seen from Fig. 12, which gives the probability of 
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FIG. 11. FIG. 12. 


the dispersion of electrons across the band for various energies (Curves II,,). This absence of 
dispersion electrons in the impurity band is due to their transition to the conduction band. When 
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there is a single impurity band, so that there is no transition of electrons from it to the conduction 
band, at low temperatures (Fig. 12, curves II4,) there is almost no dispersion of the electrons in 
the band but at high temperauures there is considerable dispersion. This also explains why the 
electrical conductivity at low temperatures is proportional to 1/7, whereas it is proportional to 
1/T? at higher temperatures, where there is considerable electron dispersion. 


SUMMARY 


1. In the narrow (impurity) band when it is more than half-full the electron gas becomes more 
degenerate as temperature increases, and when the zone is less than half-full, the opposite is true. 

2. In a semiconductor with a narrow impurity band there is no electron gas degeneracy, which 
is closely connected with the non-metered electron correlation. 

3. The effective electron mass method is valid for large 6’s and for low band populations. 
Coincidence with the predictions of the accurate equation is restricted to values of p (the elec- 
tronic chemical potential) less than — 2. 

4. In a cubic lattice the states are more or less uniformly distributed throughout the whole 
band, and the distribution density smoothly tails off towards the edges of the band; in a body- 
centred lattice the states are mainly concentrated in the middle of the band, hence the hypothesis 
that the impurity atoms form a body-centred lattice more accurately reflects the distribution of 
states when the distribution of impurity atoms is disordered, than the theory that the atoms form a 
cubic lattice. 

5. The electrical conductivity of the impurity band falls with temperature. At low temperatures 
it is proportional to 1/7, and at high temperatures to 1/T7?, so that here the thermal motion (dis- 
persion) of electrons in the band exerts a considerable effect on the conductivity. 

6. In the upper half of the energy band the conductivity is hole, and in the lower half electronic. 

7. When the band is half-full the conductivity is a maximum at all temperatures. 

8. The mobility of the electrons in the impurity band is proportional to T-1% in calculations of 
transition from this band to the conduction band, as it is in the conduction band, because of the 
absence of dispersion in the impurity band. 


Translated by R.C. Murray 
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EFFECT OF SCALE ON THE MAGNETIC PROPERTIES OF HOT ROLLED 
ELECTRICAL SHEET * 
V.V. DRUZHININ and L.K. KURENNYKH 
Verkh-Iset Metallurgical Plant 
(Received 1 November 1956) 


It is known that the scale on sheet produced in heating before rolling andin subsequent an- 
nealing impairs the magnetic properties of electrical sheet. This is due to a reduction of magne- 
tic permeability and an increase in specific losses. The increase in specific losses at an induc- 
tion of 10,000 gauss is small (only a few per cent) but is considerable (5-10 per cent) at an induc- 


tion of 15,000 gauss [1]. 


This difference in the effect of scale on the specific losses in medium and strong magnetic 
fields has been explained by Spooner [2], by a difference in the permeability of the scale in medi- 
um and strong fields. However, there are no direct studies of the magnetic properties of scale form- 


ed on such steel. 
METHOD OF STUDY 


The study was made on unpickled sheets of dy- 
namo and transformer steel which had been put 
through the normal rolling cycle and annealed at 
850°C. From each sheet were cut out plates mea- 
suring 250 x 30 mm and weighing about 1 kg. After 
a determination of the magnetic properties (man- 
netization curve, hysteresis loop and total speci- 
fic losses), the scale was removed from the speci- 
men in 20 per cent sulphuric acid containing sodi- 
um chloride. The latter almost completely prevents 
dissolution of the metal itself. 

Control checks on pickled strips, freed from 
scale, showed that the amount of metal removed 
was less than 2g, whereas the change in weight 
due to removal of scale was 60—90g per specimen 
of dynamo steel and 20-308 for specimens of trans- 
former steel. 

The cross-section (cm?) of the specimens was 
determined from the weight of the specimen and 
the density of the steel. 


S$=P/ly, (1) 


where P = weight of specimen in g; / = length of 
strip in cm; y = density of steel in g/cm’. 

The density of the pickled steel is a function 
of its silicon content, and was assumed to vary 
as follows: 


* Fiz. metal. metalloved. 6, No. 1, 40-45, 1958. 


Y = 7.87 — 0.069 Si. (2) 


The difference in densities of steel with and with- 
out scale was determined by the Bryukhanov [3] 
method. From each sheet investigated, two 100 mm 
square strips were cut. One strip was pickled, and 
later the weight of this and the other strip was ad- 
justed to 28gon analytical balances (to within 

0.1 mg). The strips were then suspended in a glass 
flask with a capillary immersed in oil. From the 
difference in immersions of the capillary in the 
liquid, the change in the density of the steel was 
determined: 


Ay =y? S Ax/P . (3) 


Here y is the density of the specimen without scale, 
P is the weight of the specimen, S is the cross- 
section of the capillary (cm?), Ax is the difference 
in immersions of the capillary in the liquid (cm). In 
addition, a collection of pickled strips having dif- 
ferent silicon contents was taken. The densities of 
the strips were determined by equation (2). 
Knowing the dependence of Ax on y, the density 
of the specimen investigated was determined from 
a calibration curve. The density of steel with 
scale determined by this method was accurate to 
within 0.02 g/cm’. The arithmetic mean was taken 
as the final result. 


RESULTS 


In the determination of the magnetic properties 
of electrical sheet, the densities of steels contain- 
ing various quantities of silicon were taken, accord- 
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ing to GOST 802-54 as follows: 


7. 8g/cm> for steel] containing 0.8-1.8 per cent Si; 
7.75g/cm* for steel containing 1.8-2.8 per cent Si; 
7.65g/cm® for steel containing 2.8-4 per cent Si; 
7.55g/cm* for steel containing 4.0-4.8 per cent Si. 


This average density was determined from equa- 
tion (2), the third figure being rounded to 0 or 5. 

Although steel with one and two per cent silicon 
was covered with scale, its density was taken as 
the same as for pickled steel. In our calculations 
the density of pickled dynamo steel was taken as 
7.80 g/cm’ and that of pickled transformer steel as 
7.55 g/em’, and the densities of steel with scale 
were calculated from experimental results. (Table 


1). 


steel with and without scale. At low magnetic 
fields the B, +, curve is only slightly lower than 
the B, curve, and in some cases even above it 
somewhat, e.g. for the transformer steel specimen 
in Fig. 2. In medium and strong fields the B. +, 
curve is 500-100 gauss below the B, curve. The 


magnetization curves were recorded with a ballistic 


set-up, with assembly of the strips overlapped on 
both sides, as specific in Section 35 of GOST 
802-54. With this arrangement, the magnetic field, 
calculated from the ampere-turns, fairly closely 
reflects the internal field of the metal. But in the 
layer of scale, a powder film, the internal field 
may be considerably less than the external. For 
appropriate values of the external magnetic field, 
the induction in the scale can be calculated by 
the equation: 


TABLE 1. Density of electrical sheet with scale. 


Spec. No. Batch No. % Si 


Density in g/cm* 
Pickled Unpickled 


1 1 1.0 
2 1 1.0 
3 2 
4 2 
5 3 4.0 
6 3 4.0 
7 4 4.2 
8 4 4.2 


RR 


In the sheets investigated the density of the 
unpickled steel was lower than that of the pickled 
steel by 0.05-0.7 g/cm’ for dynam>, and 0.04-0.09 
g/cm for transformer steels. These results agree 
very weli with those obtained by others (4,5). 

Table 1 also shows the density of scale deter- 
mined by the equation: 

— Sc 


where S,4, = cross-section of specimen with scale; 


S, = ditto without scale; ye +. = density of steel 
with scale; y, = ditto, without scale. 

The density of the scale of dynamo steel was 
found to be 6.8-7.3g/cm* and that of transformer 
steel 5.6-6.lg/cm’. The decrease in density of 
scale as the silicon content increases can be ex- 
plained by a decrease in the amount of iron in it 
through increase of silica. 

Figs.1 and 2 show the magnetization curves for 


(5) 


where a,4, is the deflexion of the ballistic gal- 
vanometer for the specimen with, and a, without, 
scale. 

The induction of the scale in weak magnetic 
fields is close to the induction of the metal itself, 
and in medium and strong fields is considerably 
below it. Thus, for dynamo steel B,, is 10,000 
gauss, B4o. is about 14,000 gauss, and the cor- 
responding figures for transformer steel are 4500 
and 9000 gauss. The great reduction of the mag- 
netic induction of the scale in the trans former 
steel should be attributed to an increase in the 
non-magnetic constituent compared with the scale 
formed on dynamo steel. The determination of the 
induction of the scale in transformer steel is also 
less accurate than in dynamo steel. 

While the difference ae + —a¢ for dynamo steel 


|| 
VOL 
7.8 7.75 
7.8 
78 7.75 
7.8 7.74 
7.55 
7.55 
7.55 7.45 
7.55 7.50 


Magnetic properties of hot rolled electrical sheet 4] 


specimens is 20-40 divisions, in transformer steel 
it is only 3-7 division. 

The recordings of hysteresis loops (Fig. 3) 
show that in steel with scale the loop is widened 
not through an increase in coercivity but through a 
(widening of the) horizontal portion. For a hystere- 
sis loop with Bmax = 10,000 gauss, the increase 
in the magnetizing field is relatively small (5-10 
per cent). Hence the areas of the hysteresis loops 
for steels with and without scale should be close 
to one another. At an induction of 15,000 gauss, 
this increase is 20-50 per cent, so that the area of 
the horizontal portion is considerably greater. But 
the increase in the loss due to hysteresis from the 
static hysteresis loop does not completely balance 
the increase in total specific losses (Table 2). In 
dynamo steel, the lowering of total losses by pick- 
ling at By,ax = 10,000 gauss is 8 per cent, and at 
15,000 gauss it is 20 per cent. The hysteresis los- 
ses at 10,000 gauss are practically unchanged; at 
15,000 gauss the total losses are lowered by about 
10 per cent. 


through a decrease in the thickness of the sheet 
and an increase in the electrical resistivity of the 
steel. The thickness of the scale (on both sides of 
the sheet) is 


Po 


l.a.n.yo’ 


where a is the width of the strip and n is the num- 
ber of strips in the sample. 

A scale of resistivities was determined on a 
double bridge by the method described by Efrus [6]. 
Thicknesses of scale and their resistivities are 
shown in Table 3. It will be seen that the scale on 
dynamo steel is about 0.04 mn, and on transformer 
steel is about 0.02 mm, thick. This decrease in 
thickness of sheet due to scale decreases the ed- 
dy current losses at 15,000 gauss for dynamo steel 
0.2-0.3 W/kg, and by 0.1-0.15 W/kg for transformer 
steel. The resistivity of scale in our experiments 
was lower than that of the metal itself, in confor- 
mity with previous observations (6). 


TABLE 2. Change in total losses and hysteresis losses through pickling of electrical sheet. 


Bmax 
Spec. No. % Si Losses 


Losses in steel Loss 
W/kg difference 
W/kg 


with scale without scale 


total 
hyst. 
total 
hyst. 


2.36 
1.25 1.23 


6.23 5.07 
3.43 2.75 


total 
hyst. 
total 
hyst. 


2.88 2.78 
2.15 2.12 
6.86 6.03 
4.82 4.37 


total 
hyst. 
total 
hyst. 


1.59 1.55 
1.14 1.10 
3.84 3.40 
2.59 2.35 


total 
hyst. 
total 
hyst. 


1.16 1.16 
0.69 0.68 
2.98 2.77 
1.56 1.45 


Similar things are observed in transformer steel. 
The difference in the changes of total losses and 
the hysteresis losses in pickling steel should be 
explained by a change in the eddy current losses, 


The increase in eddy current losses at 15,000 
gauss due to lowering of the resistivity of the 
scale may attain 0.1 W/kg, as calculation showed. 
Non-uniform magnetization across the cross-section 
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FIG. 1. Magnetization curves of dynamo steel; 
1 = without scale; 
2 = with scale; VOL. 
3 = of scale. 6 
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FIG. 3. Hysteresis loops for dynamo steel; 
FIG. 2. As Fig. 1 for transformer steel. full line, without scale; broken line, with scale. 


of a sheet is created by the lowered permeability eddy current losses is 44.5 per cent of that at 

of the scale in strong magnetic fields compared 15,000 gauss. For dynamo steel, this reduction 
with that of the metal. This irregular magnetiza- is 0.1-0.15, and for transformer steel below 0.06 
tion also causes some increase in eddy current W/kg. 

losses. For instance, the decrease in eddy cwrent 

at 15,000 gauss for these reasons is 0.4-0.5 W/kg SUMMARY 

for dynamo and 0.15-0.2 W/kg for transformer steel. 

At an induction of 10,000 gauss, the reduction of 1. In the hot rolled dynamo and transformer steel 
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TABLE 3. Thickness and resistivity of scale on electrical sheet 


Thickness, mm 


Resistivity, Q mm?/m 


Specimen Sheet 
No. i without scale 


Sheet 
without scale Scale 


0.49 
0.49 
0.46 
0.50 
0.47 
0.50 
0.51 
0.50 


0.27 0.18 
0:27 0.18 
0.26 0.16 
0.27 0.15 
0.61 0.37 
0.61 0.35 
0.61 0.35 
0.61 0.37 


sheets studied, the decrease in steel density due 
to the presence of scale is 0.06 g/cm’. The den- 
sity of the scale itself is 7.0 g/cm? for dynamo, 
and 6.0 g /cm? for transformer steel. 

2. The magnetic permeability of scale in weak 
magnetic fields (up to 0.2-0.3 ampere-turns/cm) 
is close to the permeability of steel; in medium 
and strong fields it is considerably below it. The 
B00 of scale is 14,000 gauss for dynamo and 9,000 
gauss for transformer steels. 

3. The reduction in total specific losses caused 


by pickling the steel with an induction at 10,000 
gauss is small (0.10 W/kg for dynamo and 0.05 
W/kg for transformer steels) and is due mainly to 
a reduction of eddy current losses. The reduction 
of the total specific losses of 15,000 gauss is 
greater (0.5-0.8 W/kg for dynamo and 0.2-0.4 W/kg 
for transformer steels) and is due to a reduction 
of hysteresis and eddy current losses. 

4. Reduction of hysteresis losses caused by pick- 
ling the steel is not due to a reduction of coerci- 
vity, but of the maximum magnetizing field. 


Translated by R.C. Murray 
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SOME LAWS UNDERLYING THE MAGNETIC PROPERTIES OF MANGANESE - BISMUTH 
PERMANENT MAGNETS * 


A.B. AL’TMAN 
(Received 4 January 1957) 


The possibility of using fine particles, near in 
size to regions of spontaneous magnetization 
(domains), as permanent magnets, was first raised 
by Frenkel’ and Dorfman [1], Permanent magnets 
are now known which are compacted from finely 
powdered iron, iron- cobalt and manganese bis- 
muthide [2,3]. The ferromagnetism of manganese- 
bismuth alloys was discovered by Heusler [4]. 
Guillaud [5,6] observed the marked increase in the 
coercive force of these alloys on breaking them 
down to powder. He also reported the connexion bet- 
ween the ferromagnetism of manganese-bismuth al- 
loys and the formation of the compound MnBi. Adams, 
Hubbard and Seyles [7,8] who used the magnetic 
separation of manganese -bismuth powder and the 
method of hot-pressing it in a magnetic field, 
produced permanent magnets with a maximum mag- 
netic energy of 170,000 ergs/cm* and a coercive 
force of 3400 oersted. In addition, they observed 
a considerable reduction in the coercive force 
when the magnets were cooled below room tempera- 
ture. 

In the U.S.S.R, magnetically -hard material on a 
manganese bismuthide powder basis has been 
studied by Shtol’ts and Shur [9, 10], 

The information given in published papers on 
manganese - bismuth magnets, regarding their 
technology and properties, is important, but natur- 
ally not exhaustive. Further study of the new ma- 
gnetically hard material! therefore offers consider- 
able interest. The results are described below of 
work on the investigation of some of the laws un- 
derlying the properties of magnets compacted 
from manganese-bismuth alloy powder, in relation 
to the conditions of manufacture and testing. 


EXPERIMENTAL TECHNIQUE AND RESULTS 


Manganese and bismuth, taken in the ratio 23:77, 
were melted in a stationary electrical resistance 
tube-furnace, in an iron crucible. Melting was 
carried out in air, ammonium chloride having been 


* Fiz. metal. metalloved. 6, No. 1, 46-51, 1958 


added to the charge; this reacts with the oxides 

of manganese and bismuth to produce volatile 
chlorides, forming a protective atmosphere [11]. In 
some experiments the melt was protected from oxi- 
dation by means of a flux prepared from sodium 
chloride, and in this case ammonium chloride was 
not used. The ingots obtained had approximately 
the same properties. The total melting time was 
about five hours. The manganese-bismuth alloy 
ingots were broken down in a ball-mill, under 
benzene. After drying, the powder was subjected to 
magnetic separation to remove the non-ferromagne- 


tic particles. The pyrophoricity of the dried powder VOL 
was not great. The chemical compositions of the 6 j 
powder fractions prepared in this way are shown in 195 


Table 1. 


TABLE 1. Chemical composition of the fractions 
obtained by milling and separating manganese-bismuth 
alloy powder 


Composition _ per cent 


Fraction 


Mo Bi 


Ferromagnetic * 
Non-ferromagnetic 


18.4 81.6 
10.9 89.1 


* Composition of the Compound MnBi: 21 per cent Mn, 
79 per cent Bi. 


Specimen magnets were compacted in the form 
of cylinders 8 mm diam. by 12 mm, using the ferro- 
magnetic powder fraction, in a hydraulic press, 
with heating in air; a magnetic field parallel to 
the pressing direction was applied (Fig. 1). 

As can be seen, the technique of preparing the 
alloy and the specimens differed considerably from 
that previously described [7,8], according to which 
the alloy was melted for 45 hr in a furnace with a 
rotating crucible; whilst melting, milling of the 
ingots and compacting of the magnets were carried 
out in a helium atmosphere. 

In the present research a study was made of the 
effects of milling the alloy, pressure and tempera- 
ture of compacting, magnetic field intensity during 
compacting, and temperature of the surroundings 
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FIG. 1. Sketch of equipment for compacting in a magnetic field. 


1. — furnace 


2. — lower plunger 


. — pressing die (in non-magnetic steel) 


3 
4. — upper plunger 

5. — magnetizing coil 
6 


. — guide bush 


. — thermocouple. 


during testing, on the properties of compacted 
specimens. In each series of experiments only 
one of the preparation or testing conditions for 
the compacts was varied, the others being held 
constant. The initial conditions for specimen 
preparation were as follows: specimens, from 
powder which had been milled for 8 hr, were pres- 
sed at a specific compacting pressure of 1.3 ton/ 
cm?, at a compacting temperature of 280°C, in a 
magnetic field of intensity 11,000 oersted; test- 
ing was carried out at 20°C. For comparison, the 
properties of the manganese bismuth alloy in the 
as-cast condition were studied. Specimens were 
machine-cut from the as-cast alloy. 
Determinations were made on all specimens of 
coercive force (at I = 0), remanence and density. 
Magnetic energy measurements were made on some 


specimens. * 

The magnetic properties were taken from the 
magnetization curve determined by the ballistic 
method. Oil-cooled solenoids were used to de- 
magnetize the specimens. In the case of tests at 
temperatures above and below 20°C, the specimens 
were placed in a Dewar flask fixed inside the 
solenoid. Heated mineral oil was used as the 
heating medium and an acetone-solid carbon diox- 
ide mixture as the cooling medium. The density 
was computed by dividing the weight of the spe- 
cimen by its volume. The number of specimens 
per point was 2—3 (average test results are 


quoted). 


* The magnetic measurements were carried out by 


Engineers K.S. Sakanel’ and G.I. Lasis. 
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FIG. 2. Microstructure of manganese-bismuth alloy, 
unetched, X350. 


a — as-cast (arrow shows ferromagnetic phase) 
b — after milling and compacting. 


A metallographic examination was also carried 
out on the as-cast alloy and compacted specimens. 


In the as-cast condition, the manganese-bismuth 
alloy had a heterogeneous structure (Fig. 2a). The 
compacted specimens showed a structure consist- 
ing of an assembly of grains of the ferromagnetic 
constituent, separated by films and inclusions of 
the non-ferromagnetic constituent (Fig. 2b). The 
microhardness of the ferromagnetic constituent, 
which apparently had the same chemical composi- 
tion as the compound MnBi, was 140 kg/mm’, and 
that of the non-ferromagnetic constituent 10 kg/ 
mm? (the readings were taken on an unetched sec- 
tion of the cast alloy, using the PMT—3 tester 
with a 30 g load). 

In the cast form, the manganese bismuth alloy 
had low magnetic properties (H, ~ 100 oersted, 
Bw~ 100 gauss) but milling radically altered 
them. Specimens compacted from powder milled 
for 8 hr had an H, of 4100 oersted and a B w of 
4400 gauss, with a density of 8.5 g/cm’. The in- 
crease in coercive force on milling can be explain- 
ed, in accordance with the modern theory of ferro- 
magnetizm, by the approximation of the particles 
of manganese-bismuth alloy to single-domain di- 
mensions; the increase in the remanence of the 
specimens is due to the removal of the non-ferro- 
magnetic constituent when the powder is magne- 


Densit 
g/cm 


x 107, oersted 


Remanence 


Coercive force 
x oersted 


Pressure, T/cm? 


FIG. 3. Effect of compacting pressure on properties of 
manganese-bismuth permanent magnets. 
1. — heating temperature for compacting 225°C 
2. — 280°C 
3. — 315°C 


tically separated. The particle size obtained 
after milling for 8 hr was measured under the 
microscope; it varied from 5 to 7p. 

Increase of the pressure used to compact the 
manganese-bismuth powder is accompanied by a 
gradual reduction in the coercive force of the 
specimens (Fig. 3). This must be attributed to par- 
ticle coagulation during compacting [7]. A similar 
phenomenon has also been observed previously in 
the compacting of fine iron and iron-cobalt powder 
[12]. The change in remanence due to increasing 
the compacting pressure results from the change 
in density of the specimens. 

It can be seen from Fig. 3, that the temperature 
at which the specimens are compacted has a sub- 
stantial effect on their coercive force. The relation- 
ship between the coercive force, remanence and 
density of the specimens, on the one hand, and 
the compacting temperature on the other, are shown 
in graphical form in Fig. 4. In considering the 
role of the heating, it must be taken into account 
that: 

(1) the manganese-bismuth alloy powder, as 
pointed out, consists of a mixture of ferromagnetic 
and non-ferromagnetic particles; 

(2) on applying the magnetic field during com- 
pacting, the ferromagnetic particles are rotated in 
a medium composed of the non-ferromagnetic 
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FIG. 4. Effect of heating temperature for compacting 
on the properties of manganese-bismuth 
permanent magnets. 


constituent, and the particles strive to align 
themselves so that the axis of easy magnetiza- 
tion coincides with the direction of the field. 

According to Table 1, the non-ferromagnetic 
fraction of the manganese-bismuth powder con- 
tains about 89 per cent Bi and 11 per cent Mn. 
An alloy of this composition consists of the Bi- 
MnBi eutectic, with a melting point of 262°C, and 
metallic bismuth, with a melting point of 271°C 
[13]. Apparently, the increase of the compacting 
temperature to 280°C is accompanied initially by 
an increase in plasticity and then by fusion of 
the non-ferromagnetic constituent. This facilitates 
an increase in the specimen density and makes it 
easier for the ferromagnetic particles to align 
themselves correctly on applying the magnetic 
field, this being accompanied by improvement in 
the magnetic characteristics. 

The maximum magnetic properties in this series 
of experiments was observed at 280°C, i.e. at a 
temperature some 20° above the melting point of 
the non-ferromagnetic constituent. 

In connexion with the rapid fall of the coercive 
force on heating above 280°C, some suggestions 


Remanence 
x 107°, gauss 


~ 


Coercive force 
x 10-°, oersted 


~ 
‘ 


Temperature, °C 


FIG. 5. Effect of temperature of surroundings on the 
magnetic properties of manganese-bismuth 
permanent magnets. 


can be put forward. It is possibly connected with 
the coagulation of ferromagnetic particles, due to 
the squeezing out of the liquid phase during com- 
pacting, thus removing the separating non-ferro- 
magnetic films. Approach to the Curie temperature 
for manganese bismuthide (340—360°C, according 
to Guillaud), may retard alignment of the ferro- 
magnetic particles parallel to the magnetic field. 
Finally, it must be born in mind that the ferro- 
magnetic particles may change in composition 
due to diffusional penetration by the molten non- 
ferromagnetic constituent. Which of these sugges- 
tions are the most probable cannot be decided in 
the present stage of the investigation. 

Table 2 makes it possible to observe the effect 
of the intensity of the magnetic field, in which the 
manganese-bismuth magnets were pressed, on their 
magnetic properties. It is clear that, when a field 
of 3700 oersted is applied, both the coercive 
force and the remanence reach practically the 
maximum values. Increasing the field to 8300 and 
11,300 oersted does not alter the properties of 
the specimens. 

The relationship between the properties of 
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FIG. 6. Demagnetization and magnetic energy curves 
for manganese-bismuth permanent magnets. 


TABLE 2. Effect of magnetic field intensity on the magnetic properties of manganese-bismuth alloy 
powder specimens. 
Specimens compacted at 1.3 ton/cm* and 280°C. 


Field strength oersted 
Coercive force, oersted 
Remanence, gauss 


3700 9300 
4700 4800 
3600 3800 


man ganese-bismuth magnets and the temperature 
of the surrounding medium (Fig. 5) is of consider- 
able practical importance. It is clear that heating 
above 20°C has practically no effect on the pro- 
perties of the magnets. However, cooling, as 
previously reported, is accompanied by a rapid 
drop in coercive force and also in remanence. 
When the specimens are returned to room tempera- 
ture after cooling, it is necessary to remagnetize 
them in order to restore their original magnetic 
properties. The cause of this reduction is held 
to be the reduction in the anisotropy constant of 
manganese bismuthide on cooling [5]. 

To conclude this section we present curves 
for the demagnetization and magnetic energy of 
our manganese-bismuth permanent magnets 


(Fig. 6). 
CON CLUSIONS 


It is shown that the technique of making man- 
ganese-bismuth permanent magnets can be con- 
siderably simplified, compared with that describ- 
ed in the literature. The permanent magnets pro- 
duced by the technique employed, had a maximum 
magnetic energy of 150,000 ergs/cm’. A syste- 


matic study was made of the effect of the basic 
manufacturing conditions on the properties of 
specimens compacted from man ganese-bismuth 
powder. 

The irreversible drop in magnetic properties 
on cooling manganese-bismuth permanent magnets 
below room temperature limits the possibilities 
in the way of their wide technical use. Bearing 
in mind the high level of magnetic properties at 
the temperature of 20°C, it would be worthwhile 
to attempt to reduce the temperature coefficient 
of the magnetic properties of these magnets. One 
method of doing this would be to complicate the 
chemical composition of alloys based on the 
manganese-bismuth system. 


Translated by FE. Bishop 
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THERMOMAGNETIC TREATMENT AND ORDERING PROCESSES. 
Il. THE EFFECT OF THERMOMAGNETIC TREATMENT ON STRUCTURAL TRANSFORMATIONS 
IN SUPERLATTICE-FORMING ALLOYS * 
A.A. GLAZER and YA. S. SHUR 
Institute of Metal Physics Urals Filial, Academy of Sciences, U.S.S.R. 
(Received 6 May 1957) 


A study was made of the effect of thermomagnetic treatment (T.M.T.) on specimens of 
Perminvar, 66-Permalloy and 78-Permalloy, previously brought into the ordered or disorder- 
ed states. A study was also made of the ordering of specimens after T.M.T. It was found 
that the processes of setting up magnetic texture in an ordered specimen, and also the or- 
dering of a specimen previously annealed in a magnetic field, take place more slowly than 
in a disordered specimen. It is concluded that T.M.T. produces in ferromagnetics a spe- 
cial structural condition, which may possibly be the “oriented superstructure” predicted 
theoretically by Neel and by Taniguchi and Yamamoto. 


INTRODUCTION 


In a previous paper [1] we have shown that ther- 
momagnetic treatment (T.M.T.) can be effective 
with the superlattice forming alloys 78-Permalloy, 
66-Permalloy, Perminvar and Permendur, even in 
the case when the external magnetic field is only 
applied at temperatures above the critical order- 
ing temperature 7,. Moreover, it was found that 
the curve of saturation magnetization against 
temperature, /, (7), for specimens subjected to 
T.M.T., agrees with the /; (7) curve for disorder- 
ed, and not for ordered, alloys. Hence, it was con- 
cluded that the magnetic uniaxiality produced as a 
result of T.M.T. is not connected with normal or- 
dering of the alloys, but is due to some other 
atomic regrouping. An analogous concept is also 
afforded by the theory developed by Neel and by 
Taniguchi and Yamamoto [2], according to which 
T.M.T. results in a special type of “oriented su- 
perstructure.” 

It was also pointed out [1], that in the alloy 
Permendur, which forms the superlattice more ra- 
pidly than the other alloys we studied, T.M.T. is 
less effective. Apparently, the presence of the 
ordered structure affects the progress of the pro- 
cesses which lead in T.M.T. to the setting up of 
uniaxial magnetic anisotropy. 


* Fiz. met. metalloved. 6, No. 1, 52—59, 1958. 


Hence, it can be suggested that the processes 
taking place in T.M.T. depend on the structural 
condition of the alloy. It is natural to expect that 
detailed investigation of this relationship must 
facilitate an elucidation also of the structural con- 
dition of a ferromagnetic after T.M.T. and this in 
turn brings us closer to an elucidation of the phy- 
sical mechanism of the processes which take place 
in T.M.T. and which lead to magnetic uniaxiality. 
With the object of throwing light on the features of 
the structural condition of ferromagnetics after 
T.M.T., a study was made in the present work of 
the effect produced by T.M.I. on specimens of some 
supperlattice-forming alloys, previously brought in- 
to the ordered or disordered conditions, and also of 
the kinetics of the ordering process in specimens 
previously subjected to T.M.T. 


SPECIMENS FOR INVESTIGATION, THEIR 
TREATMENT AND THE MEASURING 
TECH NIQUE 


The investigation was carried out on specimens 
of the alloys 78-Permalloy, 66-Permalloy and 
Perminvar (34 per cent Ni, 34 per cent Fe, 29 per 
cent Co, 3 per cent Mo). The specimens were in 
the form of strips of size 60 x 4.x 0.2 mm. By the 
use of various heat treatments, the specimens were 
first brought into the ordered and disordered struc- 
tural conditions and also into that produced by 
T.M.T. 


To obtain the ordered condition, the specimens 
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were subjected to a prolonged anneal (up to 100 
hr) at slightly below the critical ordering tempera- 
ture 7. The disordered condition was attained in 
other specimens by oil-quenching from 700°C, i.e. 
from a temperature above 7. The thermomagnetic 
treatment comprised slow cooling from 700°C 
(above the Curie point) in the presence of a longi- 
tudinal magnetic field of 50 or 200 oersteds. 

To check the effectiveness of the T.M.T., mea- 
surements were made of the saturation magnetos- 
triction A,., from which the degree of magnetic 
texture can be estimated, andof the coercive force 
H., which gives an idea of the change in magnetic 
properties due to T.M.T. From the same parameters 
it is possible to deduce the structural condition of 
the alloy. 

The measurements of H,. were carried out in a 
vertical astatic magnetometer, and the measure- 
ments of As by means of an instrument operating 
on the optical lever principle, in fields up to 1700 
oersted. 


THE RMOMAGNETIC TREATMENT OF 
ORDERED ALLOY 


In order to establish the effect of superstructure 
existing in the alloy on the progress of the proces- 
ses due to T.M.T., we subjected the ordered alloys 
78-Permalloy, 66-Permalloy and Perminvar, to T.M. 
T. In this case, to retain the superlattice structure 
previously set up in the specimen, the thermomagne- 
tic treatment of the specimens was carried out at a 
temperature below the critical ordering temperature 
T... For comparison, the disordered (quenched) 
specimens were also subjected to a similar T.M.T. 

An experiment was carried out as follows. The 
previously ordered or disordered specimens of the 
alloys under test were annealed, in the presence of 
a magnetic field of 50 oersted, at a temperature of 
450°C (below T,). During annealing, at determined 
moments of time 7, the specimens were quenched, 
and measurements of H, and A; made at room tem- 
perature. After the measurements the specimens 
were again heated, in the presence of the magnetic 
field, to 450°C and the T.M.T. was continued. Thus 
relationships were obtained, for the alloys examined 
between //, and As and the time r of annealing at 
450°C in a magnetic field. 

Fig. 1. shows these relationships for the alloy 
Perminvar. From the curves in Fig. 1 it can be 
seen that with increasing time of holding in a 


magnetic field at 450°C, the values of H, and X; 
fall, for both ordered and disordered specimens, 
whilst after a certain time both H, and As reach 
constant values. Thus the H, of the quenched 
alloy (curve 2), stops changing already after 30 min, 
whereas the H, of the ordered alloy (curve 1) con- 
tinues to fall even after holding for 180 min. It 
was found that the 1, of an ordered specimen only 
reaches a constant value after a 7 hr T.M.T., when 
curves | and 2 meet each other. A similar pheno- 
menon is also observed with the saturation magne- 
tostriction, which falls more rapidly in the disord- 
ered alloy (curve 4) than in the ordered (curve 3). 
In this connexion it should be noted that longer 
holding is required to reach a constant value of 

A, than to reach a constant value of H,. 

Corresponding data for the alloy 66-Permalloy 
are given in Fig. 2, from which it can again be 
seen that the processes produced by T.M.T. are 
completed in the disordered specimen after shorter 
holding times than in the ordered. This is particu- 
larly clear on comparing the curves for 1, against 
holding time 7 (curves 1 and 2). 

In the alloy 78-Permalloy, as can be seen from 
Fig. 3, the processes produced by T.M.T. again 
take place more rapidly in the quenched specimen 
than in the ordered. This is clearly seen from the 
initial portion of the saturation magnetostriction 
curves (for 7 values of the order of 1 hr). It must be 
noted that in this alloy, as the measurements show- 
ed, the values of H. for a disordered specimen and 
a specimen subjected to T.M.T. are almost identical 
and thus a reduction of H, with increasing 7 is not 
observed on curve 2. The increase of H. and A, 
seen on curves 2 and 4 after an hour’s holding is 
apparently due to the fact that changes brought 
about by T.M.T. in the structure of the ordered 78- 
Permalloy alloy take place considerably more slow- 
ly than in the ordered 66-Permalloy and Perminvar 
alloys*. 

Because of this, during prolonged T.M.T. the 
quenched specimens become partially ordered, which 
also leads to a gradual rise in H, and Ag. 

From a comparison of the curves in Fig. 1, 2 
and 3 it can be deduced that more time is required 
in ordered specimens than in disordered, to complete 


* Attention is drawn to the fact that in Fig. 3, time is 
plotted along the abscissa in hours, but against minu- 


tes in Fig. 1 and 2. 
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FIG. 1. Relationship of coercive force and saturation 
magnetostriction of ordered (1 and 3) and disordered 
(2 and 4) Perminvar specimens to the time of annealing 
at 450°C in a magnetic field of 50 oersted. 
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FIG. 3. Relationship of coercive force and saturation 
magnetostriction of ordered (1 and 3) and disordered 
(2 and 4) 78-Permalloy specimens to the time of anneal- 
ing at 450 °C in a magnetic field of 50 oersted. 
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FIG. 2. Relationship of coercive force and saturation 
magnetostriction of ordered (1 and 3) and disordered 
(2 and 4) 66-Permalloy specimens to the time of anneal- 
ing at 450°C in a magnetic field of 50 oersted. 
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FIG. 4. Relationship of H, and As, measured on Permin- 
var disks, parallel and perpendicular to the texture axis, 
to the time of annealing at 450°C in a magnetic field of 
50 oersted, for the ordered (a and b) and disordered 
(c and d) conditions. 
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the processes brought about by T.M.T., i.e. the 
ordered arrangement of atoms represents an obstacle 
to the progress of the processes occurring during 
T.M.T. This is most pronounced in the alloy 78- 
Permalloy, which corresponds to the stoichiometric 
composition Ni,Fe in which the superlattice is 

most fully developed; less pronounced in the alloy 
66-Permalloy, which deviates somewhat from the 
Ni,Fe composition; and still less in Perminvar, 
which constitutes a ternary system. 

From Fig. 1, 2 and 3 it can also be seen that, at 
small values of 7, the H, of the ordered specimens 
falls considerably more rapidly than the A;. This 
indicates that the reduction of H, is apparently not 
only due to the formation of magnetic texture. Pos- 
sibly other processes, leading to an isotropic reduc- 
tion of the coercive force H,, also occur in order- 
ed specimens during T.M.T. To check this sugges- 
tion, we carried out T.M.T. at 450°C on ordered and 
disordered specimens of the alloy Perminvar, in the 
form of disks. On these specimens, H, and Xs 
measurements were taken parallel and perpendicular 
to the texture axis (the texture axis is the direction 
in the specimen along which the magnetic field 
acted during T.M.T.) The results thus obtained are 
shown in Fig. 4. From the curves in Fig. 4 it can 
be seen that in the original condition (7 = 0) the 
specimens are almost isotropic, i.e. the values of 
H. and As parallel and perpendicular to the texture 
axis are identical in each of the specimens examin- 
ed. During T.M.T. (7>0), magnetic texture is pro- 
duced in the specimens, as shown by the different 
shape of the H.(r) and As (7) curves measured along 
and across each specimen. As can be seen from the 
shape of the A, (r) curves, the texture forms more 
slowly in the ordered alloy (Fig. 4b) than in the 
disordered (Fig. 4d). Within the first hour of hold- 
ing, the difference between the upper and lower 
curves in Fig. 4b is considerably less than in 
Fig. 4d. 

Comparison of Figs. 4a and 4c shows that, with 
increasing T.M.T. time, the H. perpendicular to the 
texture axis increases in the specimen 
but in the same direction in the ordered specimen 
it decreases, compared with the initial condition. 

It was to be expected that as a result of T.M.T., 
which leads to magnetic texture formation, H, 
should only increase in a direction perpendicular 
to the texture axis. This is in fact observed in the 
case of the disordered specimen. The reduction of 
H, in the ordered specimen can be explained first 
by the fact that when an ordered alloy is subjected 


to T.M.T., there is destruction of the orderly ar- 
rangement of atoms, i.e. disordering, which leads 
to a drop in H,, Secondly, this phenomenon may 
be due to the “oriented superstructure” predicted 
by Neel, which may lead to the processes of tech- 
nical magnetization being made more difficult [3]. 
To decide which of these causes is actually at 
work, further investigations are required, particu- 
larly an investigation of the behaviour of the elec- 
trical resistivity of the specimens after the various 
treatments used by us. However, it can now already 
be stated that during T.M.T., rearrangement of 
atoms takes place within the crystal structure of 
a ferromagnetic and that the ordered arrangement 
of atoms is an obstacle to this rearrangement. 


THE ORDERING OF ALLOYS PREVIOUSLY 
SUBJECTED TO THERMOMAGNETIC 
TREATMENT 


On the basis of the results of the measurements 
already discussed, it can be suggested that T.M.T. 
may lead to a definite ordered arrangement of atoms 
in the crystal lattice. Thus, if during T.M.T. a 
special structural condition (such as the “oriented 
superstructure”) is produced, it can be expected 
that the ordering of specimens which have been 
subjected to T.M.T. will take place with more 
difficulty than in disordered (quenched) specimens. 
This can be expected because the ordering of a 
quenched alloy consists of the movement of atoms 
from metastable to stable states, corresponding to 
the ordered lattice. When the same alloy is order- 
ed after being subjected to T.M.T., there is a 
transition from one stable state to a second, more 
stable, state. 

To check this supposition, we carried out order- 
ing (annealing at 450°C) on quenched and also on 
T.M.T. treated specimens of the alloys Perminvar, 
78-Permalloy and 66-Permalloy. After a certain 
annealing time at 450°C, individual specimens 
were quenched, and the H, and As values mea- 
sured at room temperature. The specimens were then 
re-heated to 450°C, and again held at this tempera- 
ture for given time values r+. In this way relation- 
ships were obtained between H, and A, for the 
alloys under test and the time of annealing at 
450°C. From the change in H,, the development 
of ordering can be estimated, since H, increases 
only as a result of the ordering of the alloy. The 
increase in A, gives an idea of the breakdown of 
magnetic texture. The results obtained on the 
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Perminvar specimens are shown in Fig. 5. Similar 
results were obtained on the specimens made from 
the Permalloys. Curves 1 and 3 in Fig. 5 refer to 
the quenched specimens, and curves 2 and 4 to 
specimens previously subjected to T.M.T. produc- 
ing magnetic uniaxiality. It can be seen from these 
curves that with increasing holding time 7, the value 
of H. for the quenched specimens increases con- 
siderably more than H, for the T.M.T. treated spe- 
cimens. The saturation magnetostriction A, (curves 
3 and 4, Fig. 5) had a high value in the quenched 
specimens and remains practically constant when 
the specimens are annealed at 450°C. In the speci- 
mens annealed in a field, A, increases consider- 
ably, this increase in As continuing throughout the 
whole 100 hr annealing time. From the curves in 
Fig. 5 it follows that in the disordered specimens, 
ordering develops rapidly and causes a rapid in- 
crease in H., In the specimens subjected to T.M.T., 
the development of ordering is slowed down and 
therefore H. increases slowly. The gradual increase 
in As for the specimens previously annealed in a 
field (curve 4) indicates the slow breakdown of the 
structure existing in the specimens. 

Let us compare the shape of curve 1 in Fig. 5 
with that of curve 2 in Fig. 1. Both these curves 
describe the change in H, for previously disordered 
Perminvar specimens during annealing at 450°C. 
The only difference is that in the first case the 
specimens were annealed without an external ma- 
gnetic field, and in the second case in the presence 
of a field of strength of 50 oersted. As can be seen 
from the shape of the curves, in the case of an- 
nealing without a field, increases gradually, 
which is connected with the development of order- 
ing. In the case of annealing in a field, H, falls 
rapidly, which is connected with the development 
of the structure leading to magnetic uniaxiality. In 
order to be in a position to decide whether both 
structures (superlattice and the structure set up 
after T.M.T.) develop independently during T.M.T., 
or whether superlattice development is slowed 
down in the presence of a field, further investiga- 
tions are required, particularly a study of electri- 
cal resistivity. From a comparison of the curves 
under discussion it can also be seen that the for- 
mation of magnetic uniaxiality (curve 2 in Fig. 1) 
takes place considerably more rapidly than the 
development of ordering (curve 1 in Fig. 5). This, 
apparently indicates that formation of the struc- 
ture obtained after T.M.T. is participated in by 
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a smaller number of atoms than in superlattice 
formation, or that fewer atomic movements occur 
during T.M.T. than during ordering. 


Holding time at 450°C, hr. 


FIG. 5. Relationship of coercive force and saturation 

magnetostriction of disordered (] and 3) and T.M.T. 

treated (2 and 4) Perminvar specimens to the time of 
annealing at 450°C. 


CONCLUSIONS 


The experimental results presented above faci- 
litate some conclusions being reached regarding 
the structural condition of a ferromagnetic annealed 
in a magnetic field. 

First of all , this condition is not the normal 
ordered state, not excluding the directional ordered 
state. The fact previously established by us, that 
T.M.T. can be effective at temperatures above 
T., where superlattice formation is impossible 
[1], speaks in favour of this statement. It is further 
confirmed by the fact that the curve of saturation 
magnetization against temperature for a specimen 
subjected to T.M.T. agrees with the curve obtained 
on specimens of the disordered alloy [1]. 

On the other hand, this condition is also not a 
state of normal disordered atomic arrangement, as 
follows from the Bozorth theory. The fact that in a 
ferromagnetic annealed in a magnetic field, order- 
ing takes place more slowly than in the alloy in 
the disordered state, speaks in favour of this. 
This difference in the kinetics of superlattice 
formation shows that the structures of a disordered 
specimen and of a specimen annealed in a magne- 
tic field are different. 

It must be expected that the annealing of a ferro- 
magnetic in a magnetic field produces a special 
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structural state, differing both from the normal 
ordered state or the directional ordered state, 
and from the disordered state. It can be proposed 
that a small number of atoms takes part in form- 
ing this special structural condition, since when 
disordered alloys are subjected to T.M.T. the 
saturation magnetization does not change [1], 


and the formation of magnetic uniaxiality during 
T.M.T. takes place more rapidly than with an 
ordered alloy. 

It is most probable that the structural 
condition produced in T.M.T. is the “oriented 
superstructure”, predicted on theoretical grounds 
by Neel and by Taniguchi and Yamamoto [2]. 


Translated by E. Bishop 
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GALVANOMAGNETIC PHENOMENA IN PLATINUM AT LOW TEMPERATURES * 
E.S. BOROVIK and V.G. VOLOTSKAIA 
Physics - Technical Institute Academy of Sciences, U.S.S.R. 
(Received 8 April 1957) 


The variation of the resistivity of Pt with temperature has been studied in the temperature 
range 42 to 20°K, and the occurrence of a deviation from the Matissen law found. 

The Hall effect and resistance variations have been studied in the temperature range 4.2 to 
20°K and fields up to H = 27,000 oersted. From the data obtained, the concentration and mobility 


of electrons in Pt have been calculated. 


Investigations of galvanomagnetic phenomena in 
simple metals have shown [1] that evidence can be 
obtained from the results of low temperature mea- 
surements regarding the properties of conduction 
electrons in the metals. 

In the present work, devoted to a study of the 
properties of Pt, an attempt is made to apply this 
method of research to transition metals. In transi- 
tion metals the appearance of more complicated 
inter-relationships between the phenomena can be 


expected, because of the presence of unfilled zones. 


PROPERTIES OF THE TEST SPECIMEN AND 
THE VARIATION OF ITS RESISTIVITY WITH 
TEMPERATURE 


The test specimen of Pt 1 was prepared from 
wire by rolling in steel rolls. The form of the spe- 
cimen was a sheet 1.] mm wide, 0.08 mm thick and 
5.3 mm long between the voltage leads. After rol- 
ling, the specimen was pickled in boiling nitric 
acid and annealed in a vacuum of P about 10-* mm, 
at a temperature of about 1500°C, for 1 hr. To avoid 
the appearance of thermal lattice defects [2], the 
specimen was cooled slowly to 500°C (taking 1 hr ) 
and then the current heating the specimen was 
switched off. The prepared specimen was mounted 
on a support, and the voltage leads for measuring 
the Hall effect and resistivity were welded on by 
condenser discharge. 

Study of the variation with temperature of the 
resistivity of the specimen showed that it was of 
satisfactory purity. The results of resistivity mea- 
surements on the specimen at temperatures of 4, 


14 and 20°K are given in Table 1. 


* Fiz. metal. metalloved, 6, No. 1, 60-66, 1958. 


TABLE 1. 


T°K Tol /Too 


20.38 4.97 x 10° 
14.2 1.78 x 10° 
4.2 6.78 x 10“ 


Detailed measurements of the temperature-resis- 
tivity relationship were made after studying the 
galvanomagnetic properties on the remounted spe- 
cimen. The resistivity of the specimen after remoun- 
ting had increased slightly and at 4.2°K %7/Too was 
6.92 x 10. Curves showing the change of resisti- 
vity with temperature are given in Fig. 1. Due to 
the small value of the resistance of the specimen 
(r = 3.6 x 10-60 at T = 4.2°K), the accuracy of mea- 
surement is not high, but nevertheless, comparison 
with published data affords some interesting con- 
clusions. 

A careful investigation of the variation with tem- 
perature of the resistivity of platinum, in order to 
establish a temperature scale in the range 10—20°K 
was carried out by Borovik-Romanov et al. [3]. 
These authors used the following expression as an 
interpolation formula: 


= A +BT*+CT®. (1) 
Foo 

This interpolation formula is in accordance with 
modern theoretical views. However, these experi- 
mental results can be expressed with equal accura- 
cy by the formula: 


= A + BT* (2) 


Thus, even when the accuracy of measurement is 
very high there is some doubt about the mathemati- 
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cal expression of the experimental results. 

From our own data, it follows that formula (2) is 
a considerably better description not only in the 
hydrogen temperature range, but also in the helium 
range. 
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FIG. 1. Variation of resistivity of Pt with temperature 
A — Pt-l, T= 1.4 to 20°K; 
1 — Pt-1, T up to 4.2°K; 
2 — Pt (Ref.4), T up to 4.2°K, 
ToT /Too = 3.6 x 10%. 


When the coefficients in this formula are worked 
out separately for the ranges 1.5—4°K and 14—20°K, 
they nevertheless show some differences. However, 
the temperature-resistivity relationship for Pt-1 over 
the entire range 1.5—20°K can be represented with 
sufficient accuracy by the single formula: 


/Too = 6.602.107* + 
+ 1.44.10-*. 7? + 0.021.10-*7*. (3) 


In the range 1.5—4°K alone, the experimental 
data can be expressed equally accurately by the 


formula 


A +BT?. 


Too 


(4) 


This once more confirms the equivocality of ex- 
pressing the experimental data by means of power 
series. 

Comparison of the data for Pt-1 with previous 
data [3,4] in the hydrogen temperature range shows 
the occurrence of substantial deviations from the 
Matissen Law. This deviation is particularly clear 
in the helium temperature range. Curve 2 (Fig. 1) 
shows the experimental data given by Haas and 
Boer [4], displaced on the ordinate axis so as to 
originate from a single point at 0°K (according to 
Haas and Boer, the residual resistivity of the spe- 
cimen was 3.6 x 10°‘). 


The results obtained are in agreement with those 
calculated by Kohler [5], according to which, at 
low temperatures when the temperature component 
of resistance is less than that due to impurities, 
the specific resistivity can be represented in the 
form 


Pig + Preset (5) 


where y > 0 and is determined by the amount and 
type of impurity. Thus, at low temperatures, a cur- 
ious phenomenon is observed: the temperature coe- 
fficient of resistivity for a contaminated metal may 
be greater than for the pure metal. Detailed con- 
sideration of these phenomena is not within the 
main scope of this paper. 


RESULTS OF INVESTIGATION OF 
GALVANOMAGNETIC PHENOMENA 


Investigatigns of galvanomagnetic phenomena on 
Pt specimens of sufficient purity, in the helium 
temperature range, have not been carried out. The 
most effective fields in the study of resistivity 
changes in platinum in a magnetic field were cover- 
ed by Gruneisen and Adenstadt [6]. They observed 
an increase of approximately 15 per cent in the 
resistivity at 20°K. 

A study of the Hall effect in platinum at low tem- 
peratures was carried out at the beginning of the 
20th century [7]. 

In the present work, measurements of both the 
Hall effect and resistivity were carried out in a 
field aligned perpendicular to the current flow in 
the specimen. All accessory effects were excluded 
by reversing the current and magnetic field. The 
potential difference was measured on a potentio- 
meter with an accuracy of up to 1 x 10°*V. 

The results of measurements of the change in 
resistivity of the Pt-1 specimen in a magnetic 
field are shown in Fig. 2.Within the range of field 
strengths studied, the resistivity increases almost 
six-fold. A characteristic feature in platinum is the 
very extensive linear portion on the curve of resis- 
tivity changes. As can be seen in Fig. 2 (curve 1), 
at the limit of the linear portion, in fields over 
25,000 oersted, the increase appears to be more 
rapid. However, the deviation from linearity is 
still very slight, and to be certain of the form of 
the relationship measurements in stronger fields 
are required. 

The Hall constant, the data for which are given 
in Fig. 3, as for the common transition metals, is 
independent of field strength in the range of low 
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effective fields at temperature of 78°K (curve 4). It 


is also almost independent of field strength as 


high effective fields are approached. In the inter- 
mediate range of fields and temperatures, there is 


a substantial variation of the Hall constant with 
field strength. 
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FIG. 2. Increase of resistivity of Pt-] in a magnetic 
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FIG. 3. Hall constant R for Pt-1: 


2~—7 = 
3 — T = 20.4°K; 
4— T= 70K. 


As has been stated previously [1], in the range 


of high effective field strengths, it is useful to 


characterize the Hall effect by using, not the Hall 
constant, but the ratio of the Hall field E, to the 
field E, in the direction of the current flow. The 


values of E, /Ex are shown in Fig. 4. 
As can be seen from this figure (curve 1), we 


have here, obviously, a characteristic curve with 
a maximum [1]. In the range of field strengths in- 


vestigated, we have not yet passed through the 
maximum and thus to confirm this it is again re- 
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quired to extend the study to a range of higher 
field strengths. 

The value of the Hall constant obtained at 78°K 
agrees with results known in the literature. The 
data at 20°K differ, clearly, due to the different 
purities of the specimens. The resistivity measure- 
ments in the hydrogen temperature range agree well 
with the data of Gruneisen and Adenstadt [6]. 


DISCUSSION OF RESULTS 


The experimental results obtained show that 
although Pt is one of the transition metals it exhi- 
bits no qualitatively new features in its galvano- 
magnetic behaviour, compared with the non-transi- 
tional metals. 

Regrettably, the range of field strengths inves- 
tigated was insufficient to provide an exact answer 
to the question as to what group of metals Pt be- 
longs to, i.e. to metals with unlimited increase of 
resistivity, or to those with an unlimited increase 
of the Hall field. Judging by the shape of the E, / 
E,, curves, Pt more probably belongs to the group 
of metals with unlimited increase of resistivity, 
i.e. to those in which the number of holes equals 
the number of electrons, n, = n, [1]. This also ac- 
cords with the electron structure of the isolated 
Pt atom. The extensive linear portion of the curve 
of resistivity variation shows that the simplest-iso- 
tropic model with two carrier groups (one group of 
holes and one of electrons) cannot explain the ex- 
perimental results [8]. 

After a few trials it was found that the experi- 
mental data are most satisfactorily expressed by 
an isotropic model with four carrier groups: two 
groups of electrons, the concentrations of which 
are denoted by n, and n, and two groups of holes 
of concentrations n, and n,;. The total number of 
holes equals the total number of electrons: n, + 
Ns =n, + Ny. 

Within the framework of this model, the electrical 
resistivity PoT in the absence of a magnetic field, 
the value Ey /E,, characterizing the Hall effect, 
and the ratio of resistivity in a magnetic field to 
resistivity in the absence of a field rr/ro7, are 
expressed by the following formulae 


Cor = ~ + 


my, mM» 


(6) 


4 


’ 
mM, m* 
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where = eHr;/m;C; 

and A n is defined by the conditions n, =n, + An 
and n; = n, — An, which follow from the condition 
of equal total numbers of holes and electrons. 

The numerical values of the parameters for this 
model were obtained by comparing formulae (6), (7) 
and (8) with the experimental data shown in Fig. 2 
and 4 and the results of resistivity measurements 
in the absence of a field. 

In Table 2 are given the values for the relative 
concentrations of mobile units in each group (num- 
ber of units per atom n;/ng), the mobilities for the 
units in each group 7;/m; at T = 4.22°K (where 7; is 
the mean time between collisions with the lattice 
and m; is the effective mass) and the value of the 
effective field dj = eHr;/m;C at the same tempera- 
ture in a field of H = 25,000 oersted. 


TABLE 2. 


Group No. 


nj/Nng 
7; /mj x 1075 


A comparison of the experimental curves with 
those calculated on the basis of the parameters 
given in Table 2 is shown in Fig. 5. 

The calculated values of Ey /E,, agree well with 
the experimental data. As for the change of resisti- 
vity in a magnetic field, here the agreement is far 
poorer. 

The parameters given above are probably not the 
best but further correction would require a large 


amount of calculation, which is not justified by 

the roughness of the original model. 
Notwithstanding the approximate nature of the 

calculations, it can be seen that the rough model 


used reflects the experimental facts in a basically 
correct manner and the parameters given in Table 


2 can be used for estimating the order of magnitude 
of the mobilities and concentrations of the mobile 
units. On comparing the results obtained on the 
mobility of holes and electrons in Pt with the re- 
sults for non-transition metals it is found that the 
highest value of mobility for Pt is of the same 
order as the mean value in the low-mobility groups 
Sn and Mg [8,9] (in making the comparison, account 


is taken of the difference in purity levels of the 


specimens and in the characteristic temperatures of 
the metals being compared). 


/0 20 30 oersted x 10° 
FIG. 4. Variations of Ey/Ex with magnetic field 
strength for Pt-1. 

1 ~ T = 4.2°K; 

2 —T = 14.2°K; 
3 — T = 20.4°K; 


Thus, the mobility of electrons in Pt is subs- 
tantially lower than in the non-transition metal . 
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An exception is the properties of lead, in which 
electron mobility is of the same order of magnitude 
as in Pt [8]. 


20. BOoersted x 10° 


FIG. 5. Comparison of experimental data on the Hall 
effect, Ey/Ex (curve 2) and variation of resistivity in 
a magnetic field Ar/tof (curve 1) with calculated 
values (points). 


As was indicated earlier, to explain the results 
obtained, it is necessary to postulate the exist- 
ence of at least four groups of mobile units: hole 
and electron groups of high mobility and hole and 
electron groups of low mobility. This indicates that 


the electron structure of crystalline Pt is more com- 
plex than has been supposed [10]. The presence of 
mobile holes and electrons clearly predicates over- 
lapping of the 6s and 6p levels. The presence of 
low-mobility hole and electron groups can be ex- 
plained by postulating that the sub-levels of the 
5d-condition in the crystalline state give separate 
bands and that overlapping of the two upper bands 
corresponding to this sub-level gives the low-mobi- 
lity hole and electron groups. 

Data on the concentrations of mobile units afford 
a better basis than usual [10] for comparison with 
data from the electron heat capacity of Pt and for 
obtaining from this comparison information regard- 
ing the mean value of effective mass. The compa- 
rison is carried out as indicated in a paper by 
Borovik [1]. In this connexion it should strictly 
speaking be necessary to take into account the 
contribution to heat capacity made by all four 
groups of mobile units. However, since the concen- 
tration of units of the first two groups is several 
times smaller, and their mobility of a smaller order, 
the contribution of these two groups to the heat ca- 
pacity can be neglected. According to previous re- 
sults [11,12] the electron fraction of the heat capa- 
city C, of Pt, is approximately 0.8 x 10-° RT cal/ 
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mol, /°C.From comparison with the concentrations 
given in the Table, we obtain m*/m = 8 for the 
ratio of the effective mass to the mass of a free 
electron; i.e. the mean effective mass is smaller 
than is usually quoted in the literature (m*/m = 


22) [10]. 
CONCLUSION 


Investigations on platinum have shown that there 
are no Substantial qualitative differences in gal- 
vanomagnetic properties as compared with non- 
transition metals. The effect discovered by Kikoin 
[13] of a direct influence of magnetization, is not 
observed in Pt. Possibly this is connected with 
the low values of relative magnetization in Pt at 
the field strengths reached. 

The results obtained indicate the existence in 
crystalline platinum of a more complex electron 
structure than has hitherto been supposed. 

The electron mobility of platinum was found to 
be of a smaller order than in non-transition metals. 
To obtain more complete data on the properties of 
the conduction electrons in Pt, investigations at 
higher effective field strength are required. 

In conclusion the authors express their gratitude 
to Professor Lazarev for his interest in the work 
and to Sharonov for assistance in making the mea- 
surements. 


Translated by E. Bishop 
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It has been established that a range of Cr-Ge alloys are ferromagnetic, and have a Curie point 
of 98°K. The specific electrical resistance, its temperature coefficient, and the change in resistance 
in a magnetic field of Cr-Ge alloys in the composition range from 50 to 98 at.%Ge, have been inves- 
tigated. It is suggested that the ferromagnetism of these alloys is due to the presence of the one 


ferromagnetic phase CrGe;. 
INTRODUCTION 


The transition metals form alloys and compounds 
with elements of the 4th, 5th and 6th B-subgroups 
of the periodic system, which possess ferromagne- 
tic properties. The investigation of ferromagnetic 
binary alloys, consisting of non-ferromagnetic com- 
ponents, is of great interest from the point of view 
of establishing criteria for the origin of ferromagne- 
tism in a substance. The importance of the experi- 
mental solution of this problem lies in the fact that 
the theoretical schemes existing at the present 
time are still very far from explaining accurately 
the reasons for the emergence of ferromagnetism 
in these alloys. All attempts made in this direction 
bear a purely qualitative character. Nowadays, it 
is impossible to consider such important problems 
as the sign of the exchange integral [1,2] and the 
change of its magnitude in relation to the inter- 
atomic distance [3] as solved. The reason for such 
a state of the theory apparently is the extreme com- 
plexity of the physical processes determining the 
magnetic properties of the substances indicated. 

These processes take place in multi-electron 
systems under complex dynamic intensity field 
conditions of the real crystal. The presence of a 
transition metal in a compound stresses, when es- 
tablishing such a theory, the necessity of consider- 
ing not only the outer electrons, but also the inner 
electrons, which belong, in the case of an isolated 
transition metal atom, to the unfilled layers of the 
electron shell. The consideration of the interaction 
between inner and outer electrons, the indirect na- 
ture of exchange forces etc. make the problem of 
establishing such a theory particularly complex. 

In this connexion, it appears that the carrying 
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out, from this point of view, of systematic, mani- 
fold experimental investigations of electrical, ma- 
gnetic, galvanomagnetic and thermoelectric proper- 
ties of the largest possible range of substances, is 
essential and importart. As a result of such com- 
plex investigations of binary alloys, consisting of 
the transition element chromium and elements of 
the 4th, 5th and 6th B-subgroups of the periodic 6 
system, we have obtained the ferromagnetic Cr-Ge 
alloys, which have so far been unknown. Reference 
literature concerning the Cr-Ge system is extremely 
limited. There exist only two papers [4,5], in which 
brief results of X-ray investigations of this system 
are given. It has been established by Wolbaum [4] 
that at component proportions of 25, 40 and 50 at. 
%Ge three intermetallic compounds are formed, res- 
pectively: Cr,Ge, Cr,Ge, and CrGe, possessing a 
crystal structure of the Ni- As type. 
No information is given in these articles about 
the structure of alloys containing more than 50 per 
cent germanium. As to the electrical, magnetic, 
galvanomagnetic and other physical properties of 
alloys of this system, nothing has been known so 
far. 
In the present work the following have been in- 
vestigated: 
(1) the specific electric resistance of alloys 
with various germanium contents; 
(2) the relationship between temperature and 
electrical resistance in the temperature range 
77 - 400°K; 
(3) the galvanomagnetic effect—change in resist- 
ance in a magnetic pole at room and nitrogen tempe- 
ratures. On the basis of the results of these tests 
an attempt has made to construct a hypothetical 
phase diagram for the system under investigation. 
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PREPARATION OF SPECIMENS AND 
METHODS OF TESTING 


As basic materials for the preparation of chrom- 
ium-germanium alloys, germanium, having at room 
temperature a specific electrical resistance of p = 
1.49 cm, was used; also, electrolytic chromium, 
which, according to the results of chemical analy- 
sis, contained the following impurities: Fe—0.02 
per cent; 0,—0.0013 per cent; Si—0.03 per cent; H,— 
0.00019 per cent; N—0.0145 per cent. In order to re- 
move residual gases the chromium was heated for 


a long time under vacuum at a temperature of 1100°C. 


The alloys were prepared by melting finely 
ground powders of chromium and germanium in eva- 
cuated quartz ampoules. The ampoules were kept 
in the furnace at a temperature of 1140°C for not 
less than 4 hr. Alloys with a concentration of from 
10 to 40 at.% germanium possessed a high melting 
point, and were therefore first melted in a high- 
frequency furnace, after which they were soaked 
for 4 hr at 1140°C and then furnace cooled. 14 al- 
loys were prepared, the chemical composition of 
which is given in the Table. 


main attention was given to the study of alloys 
lying in the concentration range of 50 to 95 at.% 
germanium. 

It is important to note that variation in heat trea- 
tment for the production of alloys did not lead to 
substantial changes in their properties. For inst- 
ance, both after quenching and after annealing the 
alloys proved to be ferromagnetic, and differed 
only to an insignificant extent from one another as 
to their electrical characteristics. 

After melting and homogenization the ingots were 
cut into portions by thin alundum disks, after which 
specimens were prepared, by means of grinding, 
having a length of 1.2-0.8 cm, a width of 0.5-0.25 
cm, and a thickness of 0.1-0.06 cm. The uniformi- 
ty of the specimens was checked by making micros- 
pecimens and by measuring the potential distribu- 
tion along the length of the specimen during pas- 
sage of current. For this end we used the micro- 
hardness tester PMT-3, in the loading mechanism 
of which the rod with the diamond pyramid was re- 
placed by a tungsten measuring indentor, namely, a 
needle; the end of the needle was sharpened by 
electrolytic anodic attack. A uniform pressure of 


TABLE l. 


Composition of alloy 


oc 
wo 
co 


Investigations have shown that alloys of high ger- 
manium content (50 at.% and over) become ferro- 
magnetic on cooling to the temperature of liquid 
nitrogen. Alloys with a germanium content of below 
50 at.% did not possess ferromagnetic properties in 
the whole temperature range investigated (77 - 400° 
K); it is possible that their Curie point lies in a 
lower temperature range. In view of the fact that 
ferromagnetic alloys are of great interest to us, the 


the indentor on the specimen was ensured by loa- 
ding with special weights, from ! to 4 g. The mi- 
crometer arrangement of the stage allowed move- 
ment of the specimen under test by a distance of 
less than a tenth of one millimetre. The linearity 
of the decrease in stress along the length of the 
specimen served as an indication of its uniformi- 


ty. 
The test was carried out with a direct current by 
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at. % wt. % 1073, | 
Cr | Ge | 
| oersted | 
50.0 | 42.7 | | 0.19 | | 
46.0 54.0 48.0 1.52 | —.75 | -2.9 | 98.0 
40.0 60.0 32.3 3.50 | 9.54 | —7.4 | 98.0 
54.0 66.0 27.0 5.02 37 | —10.1 | 98.0 
30.0 70.0 23.5 7.47 71 ; —12.5 | 98.0 
25.0 75.0 19,3 13.20 
20.0 80.0 15.2 18.42 .82 —10.6 98.8 
15.0 85.0 11.2 17.00 8.72 —6.8 | 98.8 
10.0 90.0 7.4 15.32 98.6 
5.0 95,0 3.6 13.90 sae 98.7 
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a compensation method. In order to remove the in- 
fluence of transitional resistances between the 
specimen boundary and the metal electrodes sup- 
plying the current, a resistance measurement me- 
thod was applied with the help of the borers. In 
order to exclude the influence of external thermo- 
e.m.f. the resistance was measured with the com- 
pensating current flowing in two directions. The 
galvanomagnetic effects AR/R,, AR/R were mea- 
sured under various current directions in the spe- 
cimen. The specific electrical resistance could be 
measured with an accuracy of within 2 per cent; 
however, in view of the fact that the values for p, 
measured for specimens which had been cut out 
from different parts of the ingot, differed from each 
other by 8-10 per cent, the maximum error of the 
measurement of specific electrical resistance was 


estimated by us as 10 per cent. The Curie point was 


determined by the break in the curve of temperature 
against electrical resistance. The temperature was 
measured with the help of a copper-constantin ther- 
mocouple, immediately in contact with the surface 
of the specimen. The accuracy of the determination 
of the ferromagnetic transformation was within + 


0.4°. 
TEST RESULTS AND THEIR DISCUSSION 
The results of measuring the specific electrical 


resistance (at a temperature of 273°K), the average 
temperature coefficient of electrical resistance 


(p373 — p273) 
100p273 


the magnitude of change in electrical resistance 

in a magnetic pole and of the Curie temperature 

67 of chromium-germanium alloys of different chem- 
ical compositions are given in the Table of Fig. 1. 
As can be seen from the data obtained, the speci- 
fic electrical resistance of chromium-germanium 
alloys is in the order of 2—4 greater than that of 
the usual metals. The nature of dependence of ele- 
ctrical resistance on germanium content commands 
notice. The curve has two linear portions in the 
concentration range 50-66 at.%Ge and 80-95 at. 
% Ge, and a sharp maximum at 75 at.%Ge. The _ 
temperature coefficient of electrical resistance B 
has a positive sign in the whole temperature range 
in which investigations were carried out. The order 
of magnitude of § in Cr-Ge alloys containing up to 
70 at.% germanium is the same as that of the com- 


mon metals. As the germanium content increases, 
so the magnitude of § falls. At germanium concent- 
rations of above 70 per cent the value of the tem- 
perature coefficient of electrical resistance becomes 
by one order less than that of common metals. In 
Fig. 2 curves representing the temperature depend- 
ence of the relative electrical resistance Ry /R,, 
of three alloys containing 50, 60 and 70 at.% ger- 
manium, respectively, are given. From this it can 
be seen that the alloys investigated by us possess 
a metallic type of conductivity, and by nature are 
badly conducting metals. 
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FIG. 1. Change of p, AR/R| and 1/podp/dT with 


Ge concentration in chromium-germanium alloys. 
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FIG. 2. Temperature dependence of the relative ele- 
ctrical resistance RT /R,, of three Cr-Ge alloys, con- 
taining 50, 60, and 70 at.% Ge, respectively. 
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The investigation of the temperature dependence 
of the electrical resistance in the ferromagnetic 
transformation temperature range, which was car- 
ried out in temperature intervals of 0.3-0.5°, allow- 
ed the breaks in the curves R = f (T) to be exposed, 


and thereby the Curie temperature to be established. 
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FIG. 3. Temperature dependence of the electrical 
resistance of a Cr-Ge a!'oy (60 at.%Ge) in the 
temperature range of the Curie point. 


In Fig. 3 curves are given, as an example, for the 
temperature dependence of the electrical resistance 
of the chromium-germanium alloy (60 at.% Ge) and 
its temperature coefficient dR/dT, which was de- 
termined by graphic differentiation. Analogous 
curves were obtained for all ferromagnetic chrom- 
ium-germanium alloys investigated. It was found 
that in the concentration range 50-70 and 80-95 
at.% Ge the Curie temperature of the alloys inves- 
tigated does not change with change in alloy com- 
position, and is equal to 98.0 and 98.8°K respecti- 
vely (see Table). 

The galvanomagnetic effets AR/R and AR/ 
R\| were measured at room temperatures and at the 
temperatures of liquid nitrogen. It has been found 
that the change in electrical resistance in a ma- 
gnetic field of all alloys, investigated at room tem- 
perature, is so small (R/R being of the order of 
2.10-3%) that we were unable to measure it, as it 
was less than the limits of sensitivity of the mea- 
suring instrument. At the temperature of liquid ni- 
trogen, i.e. in the ferromagnetic conditions, the 
galvanomagnetic effect rises to a considerable va- 
lue, having a negative sign. As far as sign and 
absolute value are concerned, the longitudinal and 


cross-sectional effects are equal: 


AR/R | = AR/R), 


In Fig. 4 the relationships between longitudinal 
AR/Ri, and cross-sectional AR/R ; on the one 


4, oersted 


Roo 
CrGe- % Ge 


| 


FIG. 4. Relationship between the longitudinal AR/R\\ 
and cross-sectional AR/R | effects, and the intensity 
of the magnetic field fora Cr-Ge alloy (60 at.%Ge). 


hand, and the intensity of the magnetic field at a 
temperature of 77°K on the other for an alloy con- 
taining 60 at.% germanium, are given as an example. 
As can be seen from these data, the changes in 
resistance in the longitudinal and cross-sectional 
magnetic fields differ little from each other. In al- 
loy specimens containing 50 at.% Ge no change in 
resistance in the magnetic field was noticed. With 
increase in the concentration of germanium above 
50 at.% the galvanomagnetic effect grows, reach- 
ing a maximum at 75 at.% Ge. 

In Fig. 5 the relationships AR/R = f (H) for 
four different chromium-germanium alloys are given. 

As can be seen from Fig. 1, there is a maximum 
on the curves, representing the relationships 
between electrical resistance and change in elec- 
trical resistance in a magnetic field, and the com- 
position, for an alloy containing 75 at.% zermanium. 
On the curve representing the relationship of tem- 
perature coefficient of the resistance ldp/p dT 
a minimum is also noticed for a composition with 
a 75 at.% Ge content. 

Wallbaum [4] points to the presence, in the given 
system, of the chemical compound Cr-Ge. In this 
case, a deviation from the exact stoichiometric 
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composition should lead to a sharp change of the 
course of all above mentioned electrical properties 
with alloy compositions lying in the vicinity of the 
concentration of 50 at.% Ge. Changes in electrical 
properties of this kind with concentration of comp- 
onents in the vicinity of the compound Cr-Ge have 
not been noticed by us, probably because alloys of 
concentration somewhat below 50 at.% were not in- 
vestigated. 


oersted 


Na 


7=77°K 


FIG. 5. Relationship between the AR/R, of alloys with 
different germanium contents (60, 66, 70 and 80 at.% Ge) 
and the intensity of the magnetic field. 


For general considerations regarding the sign 
and magnitude of the galvanomagnetic effect AR/R 
and its change in relation to the alloy composition, 
it is possible to conclude that germanium does not 
exist in the free state in all the alloys investigat- 
ed, but enters into solid solution, and the galvano- 
magnetic effect is determined mainly by the pres- 
ence of the ferromagnetic phase. If an opposite 
point of view were held, it would be difficult to ex- 
plain the increase of AR/R with increase of ger- 
manium in the alloys, as it is known that galvano- 
magnetic effects in heterophase systems are sub- 
ject to the rule of additivity, and in the presence 
of free germanium in the system, consisting of a 
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FIG. 6 @ — cc. Microphotographs of the structures of some chromium-germanium alloys; X90. 


mixture of the two phases, ferromagnetic compound 
and germanium, the effect of change in resistance 
in a magnetic pole would be positive, as a result 
of the very great positive value of AR/R of germa- 
nium. When taking into consideration that AR/R is 
proportional to the square of the spontaneous mag- 
netization, /,, and assuming the magnitude of /, 

to be proportional to the average magnetic moment 
m on an atom of the alloy, we find that AR/R~m?, 
from which one can assume that there must be a 
definite correlation between the changes in speci- 
fic magnetic susceptibility x, and also between 
AR/R and composition. Thus, on the basis of our 
measurements it is possible to assume that the 
magnitude of x must have a maximum value in the 
concentration range corresponding to an alloy of 
75 at. % germanium, which will fall with change in 
concentration in either direction from it, according 
to the quantity of ferromagnetic phase. 

On the basis of Curie temperature measurements 
it is possible to say that ferromagnetism in the 
given system is due to the presence of only one 
ferromagnetic phase. If the presence of extreme 
points on the curves of p, AR/R and p,.“ dp/dT 


against alloy composition in the concentration 
range of 75 at. %Ge is taken into consideration, it 
is possible to suppose that such a ferromagnetic 
phase corresponds to the chemical compound CrGe,, 
or to solid solutions formed on the basis of this 
chemical compound. 

According to investigations devoted to the study 
of the change of Curie point with alloy composition 
[6, 7], it is known that if any magneto-active ele- 
ment is alloyed with a non-magnetic one and a 
solid solution is formed, the Curie temperature of 
such a solid solution is lowered with increase in 
concentration of the non-magnetic element. The 
extent of such a lowering for the majority of solid 
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solutions is linearly related to concentration. For 
ordered solid solutions there exists, as shown by 
Komar [8] a more complex relationship between the 
change of Curie point and the composition of a 
binary alloy. In the case when the added element 
has a limited solubility, and the system consists 
of a mixture of two phases or eutectic, the Curie 
temperature does not change with change in alloy 
composition and remains stable as long as a ferro- 
magnetic phase of definite composition and defi- 
nite Curie point is present. The stability of Curie 
temperature in the concentration range 50-70 and 
80-95 at. % Ge, and also the linear change of spe- 
cific electrical resistance in relation to alloy com- 
position in these concentration regions suggests 
that there exists here eutectic mixtures of ferro- 
magnetic and non-magnetic phases. 

As the result of the above account it appears to 
us that all chromium-germanium alloys investigat- 
ed can be divided into two ranges, in each of 
which the phase composition is approximately 
identical. In the concentration range 50-70 at. % 
Ge there are apparently two phases—CrGe and 
CrGe,, the last phase possessing ferromagnetism. 
In the concentration range 75-95 at. % Ge there 
are also apparently two phases—CrGe, + ¢, where 
the e- phase is a solid solution of CrGe, in pure 
germanium. 

In order to confirm our conclusions about the 
phase composition of the chromium-germanium alloy 
system range investigated on the basis of electrical 
and galvanometric characteristics, as well as of 
the curie temperature of these alloys, a micros- 
copic investigation of the structure of these alloys 
was carried out. For the microscopic investiga- 
tion microspecimens were made from all alloys re- 
ceived by us, which were inspected at magnifica- 
tions of X150 to X300. The preparation and inves- 
tigation of the microspecimens was rendered diffi- 


cult by the fact that alloys in the concentration 
range of 10 to 50 per cent germanium were very 
porous, contained a large number of blow holes 
and were not susceptible to etching, even in aqua. 
regia. Microspecimens made from alloys contain- 
ing more than 50 per cent germanium could be et- 
ched without difficulty in 1:1 nitric acid. Micro- 
photographs of some alloys are reproduced in Fig. 
6, where a is an alloy containing 40 at. % Cr and 
60 at. % Ge; b is 34 at. % Cr and 66 at. % Ge, 

and c is 10 at. % Cr and 90 at. % Ge. These pho- 
tographs are typical for the compositions indicat- 
ed, and confirm that each of the given alloys con- 
sists of two phases. In Fig. 6a the primary phase, 
which we think to be CrGe, is visible, being light 
coloured, and also the secondary phase (darker), 
which, apparently, corresponds with the chemical 
compound CrGe,. Besides, black inclusions can 
be seen in the photograph, blow holes and pores, 
as well as marks which have remained after pol- 
ishing. The alloy containing 66 at. % Ge, as can 
be seen from Fig. 6c, also consists of the two 
phases CrGe, and CrGe, but the quantity of the 
CrGe, phase here is considerably greater than in 
the preceding case. In Fig. 6c the eutectic bet- 
ween the chemical compound CrGe, and the «- 
solid solution can be seen, as well as coarse crys- 
tals of the phase. 

The results of these investigations confirm, in 
general outline, our assumptions about the phase 
composition of the system Cr-Ge, which have 
been made on the basis of investigations of elec- 
trical and galvanomagnetic properties of alloys of 
various compositions. 

At present, magnetic and X-ray investigations 
of the alloy system Cr-Ge are being carried out. 


Translated by G. Isserlis 
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INVESTIGATIONS OF RAILWAY RAILS FOR DEFECTS IN MOVING MAGNETIC FIELDS 
2. METHODS FOR MODELLING ELECTROMAGNETIC PHENOMENA * 


V.V. VLASOV 
Institute Fiziki Metallov Ural’skogo Filiala Akad. Nauk SSSR 


INTRODUCTION 


In connexion with the problem of studying electro- 
magnetic phenomena, generated in rails by a mov- 
ing source of magnetic field [1], it is necessary to 
consider the methods of their study. In the study of 
physical phenomena, two methods of investigation, 
as is well known, are applied the analytical and 
the experimental. 

Eddy currents, induced in the rails by the moving 
magnetic field, can be expressed, as shown [1], by 
a complex integral-differential equation. Determin- 
ation of these currents by the analytical method in 
the given case is impossible because of insurmoun- 
table mathematical difficulties. The introduction 
into the equation of approximations, which can only 
be very rough, is undesirable for the following rea- 
son. Approximations, as known, distort to a greater 
or lesser extent the mechanism of the phenomena 
under study, and lead to such kind of results about 
which it is impossible to say, without resorting to 
experiment, to which particular mechanism they re- 
fer and to what extent they differ from the true re- 
sults corresponding to the equations before the in- 
troduction of these approximations. 

In contrast to this, the experimental investiga- 
tion method permits individual characteristics of 
the phenomena to be taken into account, and par- 
tial solutions to be obtained within the limits of 
accuracy, capable of being achieved by the experi- 
mental technique. However, the possibilities of ex- 
perimental study of phenomene in rails, when the 
source of a magnetic field moves immediately above 
it with a relatively high speed, are fairly limited. 

In this connexion we have adopted a physical 
model of the corresponding phenomena, in order to 
study processes occurring in rails when the source 
of the magnetic field moves above them. Concen- 
trating on a model of electromagnetic phenomena, 
we have also the following in view. In the invest- 
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igations to be carried out in accordance with the 
demands of the theory of similarity, it is possible 
to reproduce a similar phenomenon, taking into ac- 
count all its physical peculiarities. In the case of 
particular interest to us, namely electromagnetic 
phenomena, the theory of similarity permits taking 
into consideration in a comparatively simple manner, 
the geometry of the article and of the source of the 
magnetic field, the non-uniformity of the field crea- 
ted by it, and the non-linear relationship between 
magnetization and field, demagnetizing field and 
sel f-induction of currents, magnetic and electrical 
surface effects and other properties, the consider- 
ation of which in analytical investigations is either 
completely impossible or very limited. Besides, ex- 
perimental data, treated by taking into considera- 
tion the theory of similarity, are more general than 
those from ordinary experimental investigations. 


FUNDAMENTAL ASPECTS OF THE THEORY 
OF SIMILARITY 


The theory of similarity deals with the study of 
properties of similar phenomena; of methods for the 
determination of similarity and of treatment of the 
experimental results [2-5]. The study of similarity 
of phenomena has been widely applied in thermo- 
technics [5,6], mechanics [7], electrotechnics [8, 
9] andin other spheres of technology and science. 
A considerable contribution to the study of similar- 
ity of phenomena has been made by the studies in 
our country [10]. 

The similarity may be geometrical, physical and 
mathematical. Geometrical similarity means con- 
gruence of angles and proportionality of similar se- 
gments. The coefficients of proportionality between 
such segments are called coefficients of geometri- 
cal similarity. Physical processes are regarded as 
similar if the values of similar points in the sys- 
tems under consideration, of magnitude relations- 
hip, are constant. Such values are called constants 
of similarity coefficients. The mathematical simi- 
larity is based on the formal similarity of equations 
expressing physically different processes. Further, 
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problems of physical similarity of phenomena are 
considered. 

Similarity coefficients cannot be chosen at ran- 
dom, as there is a relationship, determinable by 
differential equations, between the values charac- 
teristic of the phenomenon. For similar phenomena 
these equations, obviously, must assume identical 
forms. The existence of a relationship between the 
values imposes certain limitations on the choice of 
similarity coefficients. 

In contrast to similarity coefficients, used for 
the mathematical formulation of similarity and re- 
presenting the relationship between values which 
are identical as regards magnitude, in the theory of 
similarity and its practical applications dimension- 
less complexes, composed of values of different 
magnitudes, are of greater importance. Such complex- 
es, built up according to special rules, are known 
as criteria of similarity. 

The theory of similarity is based on three funda- 
mental aspects, called similarity theorems. In these 
theorems, the most common properties of similar 
phenomena and indications by which their similar- 
ity can be established are formulated. The theorems 
assume that the phenomena occur in geometrically 
similar systems. The content of the theorems leads 
essentially to the following situations. 

The first theorem, applicable to any physical 
phenomena, confirms that similar phenomena have 
identical similarity curves. It had first been pro- 
pounded by Newton [11], and then proved to be ap- 
plicable to mechanics by Kirpichev (12). 

The second theorem, sometimes called the P- 
theorem, confirms that it is possible to find a rela- 
tionship in every phenomenon, not only between 
named values, participating in the phenomenon, but 
also between the similarity criteria, that is between 
dimensionless complexes. It was formulated and 
proved by Buckingham [13]. A more general proof 
of it was given by Konakov [14]. The correctness 
of the theorem in dimension changes of basic units 
or in the change from one unit system to another 
was shown by Polivanov [15]. 

The third similarity theorem, formulated by 
Kirpichev and Gukhman [16] and proved by Kirpichev 
[17], lays down the conditions which must be satis- 
fied for phenomena to be similar. It should be noted 
that a comparison between two concrete phenomena 
is involved here. Each of these phenomena must be 
distinguished from the combination of phenomena 
which are subject to one and the same differential 
equation, with the help of appropriate conditions of 
identity. The third theorem confirms that those phe- 
nomena are similar to each other, which have simi- 


lar conditions of identity and identical determining 
criteria for similarity. 

Similarity criteria consist of factors entering the 
conditions of synonymity. The following come under 
similarity determining criteria: the linear dimensions 
of the system, the parameters of the medium filling 
it, the limiting and starting conditions. Apart from 
the determining similarity criteria, non-determining 
similarity criteria are also used. The latter are 
arbitrary, as they are introduced in relation to prac- 
tical considerations of similarity change or in re- 
lation to treatment of experimental results. 

Similarity criteria can be determined by two 
methods: from dimensional analysis [18!, the fun- 
damentals of which had first been formulated by 
Morozov [19], or by an appropriate differential equa- 
tion. These methods give the same results, and 
differ only in the mode of approach towards the de- 
termination of the similarity criterion. It should be 
noted that the conditions of identity are not taken 
into consideration in dimensional analysis, which 
sometimes leads to errors in the determination of 
similarity criteria. 

The similarity theory is the basis of physical 
modelling of phenomena. This phenomenon, taken 
as a sample, is produced in a medium which is 
prescribed by a differential equation. Modelling is 
based on the third theorem of similarity. The latter 
permits conditions—necessary and sufficient—to be 
found under which the phenomenon in the model 
will be similar to the one accepted as the sample. 
However, the difficulty of observing all conditions 
arising from the above theorem stimulate the experi- 
menter to go along the path of phenomenon model- 
ling, which has drawn nearer. 


SIMILARITY OF MAGNETIZATION PHENOMENA 


All the general aspects of the similarity theory 
apply to electromagnetic phenomena. At the same 
time, the similarity of these phenomena possesses 
its own specific characteristics. Electromagnetic 
phenomena manifest themselves, as is known, in 
various forms. Leaving aside the various applica- 
tions of similarity to electrotechnical problems, let 
us consider briefly the question closely connected 
with the present work, of similarity of phenomena 
occurring when magnetizing bodies. 

Electromagnetic phenomena in bodies, finding 
themselves in an external magnetic field, depend, 
as is known, on the nature of the field acting on 
them. 

The question of similarity of magnetostatic phe- 
nomena is dealt with in a number of published 
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works [20- 26, 8, 9]. The similarity of magnetos- 
tatic phenomena is determined by the so-called 
Kelivin-Arkad’ev similarity theorems [20]. These 
theorems are formulated as follows: 

(1). Geometrically similar magnets which have 
been magnetized to the same extent, give an iden- 
tical field for corresponding points, 

(2). The induction currents of similar magnets 
are proportional to the square of their linear dimen- 
sions. 

(3). In geometrically similar conductors, giving 
identical fields, the currents must be directly pro- 
portional, and the current densities inversely pro- 
portional to the linear dimensions of the conductors, 

(4). Geometrically similar electromagnets with 
points proportional to their linear dimensions, ex- 
hibit at corresponding points a magnetization which 
is identical as to magnitude and direction. 

From the first theorem, as indicated by Arkad’ev 
[20], the independence of the demagnetization coef- 
ficient and the permeability of the dimensions of 
geometrically similar bodies follows. It is assumed 
that the magnets are similar as regards the volume 
taken up by each of them, or that they have, in si- 
milar parts, similar non-uniformities. In practice, 
these conditions are fulfilled only with some appro- 
ximations. Yanus [22], analysing the magnetization 
of geometrically similar bodies, has shown that si- 
milarity is a condition, sufficient but not essential, 
for the equality of demagnetization coefficients. For 
strict similarity it is essential that the maximum 
permeabilities and other aspects of permeabilities 
of materials of the systems being compared, should 
be correspondingly equal, and that the magnetic 
saturations, residual magnetisms and coercive 
forces should be equal relative to each other. If 
these conditions are fulfilled, the demagnetization 
coefficients in similar systems will be identical. 
If, however, even one of these conditions remains 
unsatisfied, then there exists a possibility for 
these coefficients to differ, in magnitude as well 
as in their relation to corresponding values. 

The determining criteria for similarity of magne- 
tostatic phenomena, as well as for magnetization 
processes in fields which vary with time, in essen- 
ce reduce to the demand for a complete concurren- 
ce of the magnetization curves of materials in 
systems under comparison. Under this condition, 
geometrically similar homogenous ferromagnets, 
when placed in an external magnetic field, iden- 
tical as to magnitude and direction, will possess 
in similar points identical magnetic permeabilities, 
induction, magnetization, internal and demagnetiz- 
ing fields. It is assumed that the bodies under 


consideration are brought to the given magnetic 
state by one and the same method. Hence, the si- 
milarity coefficients of fields—the external, inter- 
nal and demagnetizing one—as well as of magne- 
tization, induction and corresponding magnetic 
permeabilities are equal to unity. This is the spec- 
ific character of similarity of electromagnetic phe- 
nomena. It is possible only in a few cases to sa- 
tisfy the demand for complete coincidence of ma- 
gnetization curves of materials in the modelling of 
electromagnetic phenomena. In the majority of 
cases of similarity application problems it is ne- 
cessary to try and attain an approximate coincid- 
ence of the magnetization curves for materials. The 
demand for their approximate coincidence is con- 
tained in essence in the similarity criteria {21, 23]. 
The limits of application of these similarity criteria 
are discussed by Kirko [24]. In a few comparitively 
rare cases it is possible to realize similarity, as 
done by Neiman, e¢ al. in a one-part problem, with 
magnetically different materials. This is only pos- 
sible when the phenomena are characterized by a 
high induction value, and the part of the magneti- 
zation curve in the range of small fields has no 
significant value for the phenomenon under inves- 
tigation. 

According to Venikov [28], under conditions of 
approximate modelling of electromagnetic pheno- 
mena, in the presence of a linear relationship bet- 
ween magnetization and field, a geometric similar- 
ity in certain cases is not essential. This point of 
view is in agreement with certain experimental re- 
sults in the field of defect detection. Thus, Zatse- 
pin [29], in the cowse of investigations of the ma- 
gnetostatic field of surface fractures of the hair 
line type, came to the conclusion that there is no 
necessity for a strict observation of geometrical 
similarity when modelling the defect field. 

A series of research papers (30-36, 8, 9] is 
devoted to problems of similarity of magnetization 
phenomena in fields which change with time. In the 
given case it is necessary to satisfy, apart from 
the above indicated determining similarity criterion, 
which consists of the demands for a complete or 
approximate coincidence of magnetization curves 
of materials in systems under comparison, also 
another similarity determining criterion. We do not 
confine ourselves to the similarity criterion for the 
magnetization of bodies by a periodic field, and 
give as example the determining criteria for the 
similarity of magnetization of bodies by a field 
which changes with time in an arbitrary manner. 
This criterion is denoted as follows:- 

Ho (1) 
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where P = similarity criterion, jo = magnetic per- 
meability of vacuum, pu = relative permeability of 
the material, y = electrical conductivity, / = linear 
dimensions of the system, and ¢ = time. 

It should be noted that the determining similari- 
ty criteria are derived from the appropriate differ- 
ential equations under the conditions of a linear 
problem. Differential equations, in the case of li- 
near relationship between magnetic permeability 
and field, as indicated by Venikov [37], become 
complicated due to the appearance of depressing 
members, which are composed of the same quant- 
ities, but with a different disposition of differentia- 
tion symbols. In conformity with the rules of simi- 
larity criterion determination, such a change in the 
form of the equation, according to [37], cannot lead 
to any changes of the similarity criteria obtained 
from the equations under the conditions of the 
linear problem. Howéver, an additional condition 
appears, [37], which boils down to the above indi- 
cated demand for a full or approximate coincidence 
of magnetization curves of the bodies under consi- 
deration. Thus, in modelling electromagnetic phe- 
nomena under conditions of non-linear interdepend- 
ence between magnetization and field, there is no 
necessity for obtaining similarity criteria in which 
the magnetic non-linear medium is inculated, but it 
is sufficient to be satisfied with the determination 
of similarity criteria under conditions of a linear 
problem, and to demand, depending upon the nature 
of the degree of accuracy of modelling a complete 
or approximate coincidence of magnetization cur- 
ves for the materials of the bodies being compared. 

In order that the magnetization processes of 
bodies in fields, which change with time, be simi- 
lar, it is essential and sufficient to satisfy the geo- 
metrical similarity of bodies, to have a complete or 
approximate coincidence of magnetization curves 
for the materials, and to satisfy the dimensionless 
relationship obtained from differential equations or 
by means of dimensional analysis. In connexion 
with the last condition, it is necessary to formulate 
the similarity criterion for electromagnetic pheno- 
mena, when the sources of the magnetic field and 
the body to be magnetized by it are in a state of 
relative motion. 


THE SIMILARITY CRITERION FOR 
ELECTROMAGNETIC PHENOMENA UNDER 
CONDITIONS OF MOTION 


The similarity criterion for electromagnetic phe- 
nomena, when the source of the permanent magne- 
tic field and the body to be magnetized by it are in 


a state of relative motion, has been formulated and 
introduced first by Vlasov [38, 39]. The problems 
of similarity of electromagnetic phenomena under 
conditions of motion have been studied by Kirko 
[40]. Let us quote here, without proof, the similar 
ity criterion for the case under consideration. It 
takes the following form:- 


Loptyvl = idem, (2) 


where po magnetic permeability of vacuum, p = re- 
lative magnetic permeability of the body material, 
y = electrical conductivity, v = velocity of motion 
of the field about the body, and /= linear dimens- 
ions; idem means that the similarity criterion for 

similar phenomena remains unaltered, that is the 

same. 

Kirko [41] has drawn attention to the fact that 
the similarity criterion [3] is peculiar to the part- 
ition of the common similarity criterion [1] for elec- 
tromagnetic phenomena occurring in any way in 
time, into the kinematic similarity criterion: 


l 


vt 


P, = 


From the similarity criterion [2], taking into ac- 
count the full coincidence of magnetization curves 
for the materials of bodies under comparison, it 
follows that the velocity of motion in geometrically 
similar systems is inversely proprtional to the linear 
dimensions of similar systems. 


APPARATUS FOR MODELLING THE 
MAGNETIZING OF RAILS BY A MOVING FIELD 
SOURCE 


Let us assume that we have to reproduce, under 
laboratory conditions, phenomena occurring in rails 
being magnetized by a field source, moving at a 
velocity of 50 km/hr. Let us assume that the linear 
dimensions of the model system are four times less 
than the linear dimensions of the rail system, which 
is the source of the magnetic field. Under these con- 
ditions the velocity of motion in the model experi- 
ments must be, say, 200 km/hr. The realization of 
such velocities under laboratory conditions is pos- 
sible only in the case of revolving motion of the 
rail model. Thus, the forward movement of the ma- 
gnetic field source above the rails must be substi- 
tuted by revolution of the rail model below the cor- 
responding field source. Such a substitution is abs- 
titution is absolutely permissible in principle, as 
it is immaterial which part moves, the body about 
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the field or, conversely, the field in relation to the 
body. 

However, the substitution of a straight rail by a 
curved model upsets, to a certain extent, the geo- 
metrical similarity, and, hence, the similarity of the 
articles under consideration. It should be added that 
the ring model of the rail has, in a magnetic sense, 
the following shortcomings. The part of the rail 
model immediately in the interpolar space of the 
electromagnet, that is in the fundamental magnetic 
circuit, is shunted to a certain extent by that part 
of it which is external in relation to this circuit. 
Besides, portions of the model, having some mag- 
netic remanence, will come under the electromag- 
net. 

The disturbance of geometrical similarity will, 
apparently, be the less the shorter the portion in 
which the phenomena under investigation is local- 
ized in the direction of the tangent of the rail mod- 
el. Aiming at reducing the error, which is liable to 
be introduced into the phenomenon by the curvature 
of the model, it is necessary, evidently, to have the 
radius of revolution as large as possible, and at 
the same time decrease the linear dimensions of 
the phenomenon investigated. However, a consider- 
able reduction in the linear dimensions of the mod- 
el system is associated with an increase in error 
when measuring the corresponding values. The eddy 
currents of interest to us are localized in the vici- 
nity of the poles and in the interpolar space of the 
electromagnet. Therefore, for practical purposes it 
is sufficient to confine oneself to model experim- 
ents, when the linear dimensions of the poles and 
the distances between them will be considerably 
smaller than the revolution radius of the rail model. 

When aiming at reducing the errors which are lia- 
ble to be introduced into the phenomena of magne- 
tic shunting, as indicated above, it is necessary 
for the magnetic resistance of that part of the rail 
model which is in the basic magnetic circuit, to be 
negligible small, both in the absence and presence 
of motion, as compared with that part of it which is 
outside this circuit. For this, again, it is necessary 
to have a length of the shunting magnetic lead many 
times greater than the distance between the centres 
of the poles of the electromagnet. 

With these remarks in mind, an apparatus was 
made for modelling electromagnetic phenomena in 
rails in the presence of a moving magnetic field 
source. A rail model has been cut out from a wa- 
gon wheel tyre which was out of service. We were 
guided by the fact that the wheel tyre was similar 
to the rails as regards chemical composition and 
mode of manufacture, and also the wheel tyre sa- 


tisfied us with respect to shape, dimensions and 
metal homogenity throughout its mass. 

Before making the rail model, the extent of its 
correspondance with a somewhat arbitrarily selec- 
ted rail, manufactured at the Kuznetski factory 
(1943 issue), and being in service, was established. 
To this end, magnetization curves were plotted, 
and also the magnitude of the coercive force and 
of the specific electrical resistance of the rail 
specimens and the model were determined. It should 
be noted that the magnetization curves can be de- 
termined from closed, ellipsoidal and cylindrical 
specimens. In the last case it is necessary to take 
into consideration the demagnetizing action of the 
edges. Not aspiring great precision in the establis- 
hment of the extent of correspondence between the 
model and the rail, we selected a method for obtain- 
ing magnetization curves from cylindrical speci- 
mens in an open magnetic circuit, without taking 
into consideration the demagnetization coefficient, 
as the specimens, if close, to one another with 
respect to their properties, will obviously behave 
in the same external field in a similar manner. The 
dimensions of the specimens were as follows: 
length 120 mm, diameter 8 mm. 

Commutation magnetization curves for specimens 
of the model and rail are given in Fig. 1. For the 
estimation of the width of the hysteresis loop the 
coercive force must be determined. For this, the 
specimens were magnetized in a field of 800 A/cm. 
The coercive force was found to be 7.8 A/cm for 
the rail and 7 A/cm for the model. As the result of 
testing, the following values for the specific elec- 
trical resistivity were obtained: 0.204 x 10 Q/cm 
for the rail and 0.212 x 10~* cm for the model. 
Thus, the magnetization curves, the width of hys- 
teresis loops and the specific electrical resistivity 
for the rail and for the model are practically iden- 
tical. 

Subsequently, a model for a rail of type 1-A was 
made, the linear dimensions of which are k = 3.5 
times smaller than the dimensions of the rail. Here, 
k is the coefficient of geometrical similarity. The 
external diameter of the model amounted to 104 cm, 
and the distance between the centres of the poles 
of the model electromagnet was taken as 12.6 cm. 
The length of the shunting magnetic conductor in 
the given case exceeds the distance between the 
centres of the poles of the electromagnet by approx- 
imately 25 times. 

The general view of the apparatus for modelling 
electromagnetic phenomena in rails is reproduced 
in Fig. 2. The rail model is fixed to the revolution 
axis with the help of a ply-wood plate, 4 cm thick. 
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FIG. 1. Commutation curves for the relationship between 
induction, B, and field, H, for specimens: 
1 — from rail head, 
2 — from billet serving as raw material 
for making the rail model. 


ing coils — 2 cm, with a total number of 2200 turns. 
The electromagnet had detachable terminals and 
could be set in any position relative to the rail 
model. 


CONCLUSIONS 


A general method for the approximate modelling 
of electromagnetic phenomena in rails in the pres- 
ence of a moving magnetic field source has been 
worked out. A description of the corresponding ex- 
perimental apparatus is given. 

Finally, I take the opportunity of expressing 
gratitude to my elder scientific colleague, N.M. 
Rodigin, for some critical remarks. 


Translated by G. Isserlis 
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X-RAY INVESTIGATION OF THE RECRYSTALLIZATION OF ELECTROLYTIC CHROMIUM 
BY THE THIN PRIMARY BEAM METHOD * 
V.1I. ARKHAROV and F. L. SHANGAREEV 
Institute Fiziki Metallov Ural’skogo Filiala Akad. Nauk SSSR 
(Received 17 July 1957) 


INVESTIGATIONAL PROBLEM 


As pointed out by Tammann [1], metals crystalli- 


zing below their melting point, and in particular ele- 


ctro-deposited ones, are as a rule in a state of non- 
equilibrium; as a result of this they undergo recrys- 
tallization on heating. 

Investigations of the recrystallization of electro- 
lytic deposits of metals are of interest from two 
points of view. Firstly, the course of recrystalli- 
zation reflects characteristics of their state and 
gives an additional possibility for studying these 
characteristics, which are due to the mechanism of 
their formation. Secondly, they are necessary for 
the development of new methods for the treatment 
of surface coated articles, i.e. of methods for the 
chemical-thermal treatment of electrolytic coatings. 
From both points of view, investigations of the re- 
crystallization of electrolytic chromium are of in- 
terest, the mechanism of formation of which pres- 
ents some specific difficulties [2,3], the practical 
significance being commonly known, and there is 
reason to consider its chemical-thermal treatment 
as exceedingly promising [4-7]. 

Several research papers are devoted to the recry- 
stallization of electrolytic chromium. Makariewa 
and Biryukow [8] have observed a drastic drop in 
hardness of chromium deposits on heating them to 
above 575°C and have expressed the view that it 
is due to recrystallization. 

Jenicek [9] has investigated the changes in mi- 
crostructure and hardness on heating of chromium 
deposits, and has come to the conclusion that they 
undergo recrystallization at 1000°C, although cer- 
tain changes of microstructure are noticeable al- 
ready at 500 — 600°C, simultaneously with a sub- 
stantial drop in hardness. 

Arkharov and Nemnonov [2] have carried out X- 
ray investigations of electrolytic chromium deposi- 
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ted at different temperatures (20 and 50° C) and 
subsequently heated at various temperatures. They 
have established that with normal X-ray exposure 
methods the first signs of recrystallization — the 
appearance of “point” on Debye lines ~ are obser- 
vable after annealing at 900°C. In this work it was 
pointed out that the establishment of indications 
of the commencement of recrystallization in bright 
chromium deposits is rendered very difficult by the 
fineness of the recrystallized grain, giving, on 
X-ray pictures, a multitude of very small and den- 
sely distributed points on a complete Debye ring. 
In contrast to this, in matt deposits indications of 
recrystallization become apparent much more defi- 
nitely, in the form of discreet, widely spaced 
points — spots. In this connexion it has been noted 
that the beginning of recrystallization in bright de- 
posits may possibly be detected by X-rays with 
some delay. 

The further clarification of this problem, having 
an improved technique at one’s disposal, was of 
considerable interest. Thus, it represents the con- 
tent of the present work, in which we used the thin 
primary beam technique, which gives a greater re- 
solution of the structural details of Debye lines 
and permits the clearer fixing of the origin of the 
point on them. 


EXPERIMENTS AND THEIR RESULTS 


In our experiments chromium was deposited on 
the polished faces of copper cylinders (8 mm in 
diameter and 6 mm high), which had been placed 
into a ring holder in order to protect the specimens 
from the “edge effect” of uneven current density. 
The electrolyte contained 150 g Cr0, and 1.5 g 
H,SO, per litre of distilled water. Deposition in the 
various experiments was carried out according to 
working specifications given in Table 1. The time 
of deposition in every experiment was 3 hr. The 


thickness of the deposits obtained, according to 
the schedule used, varied within the limits 30 — 


100 
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TABLE 1. Working specifications for electrolysis 


Temperature of 
electrolyte, °C 


Current density, 
A/dm? 


TABLE 2. 


Temperature of 
electrolysis, °C 


Annealing 
temperature,°C 


Annealing of the specimens after chromium plat- 
ing was carried out in an evacuated quartz tube 
(the vacuum was 107 mm Hg st.), placed into a 
tubular electric furnace which had been heated to 
the experimental temperature. After annealing, the 
quartz tube with the specimen was removed from 
the furnace and cooled in a spray of water. The 
annealing time in every case was 2 hr. The an- 
nealing temperatures are given in Table 2. 

X-ray exposures were made in K-Cr rays by the 
Debye -Kurdyumov method (the deflexion angle of 
the specimen surface relative to the axis of the 
ray being 50°). The primary beam could be cut out 
by two diaphragms, placed at a distance of 38 mm 
from each other (the length of the collimator). Each 
specimen was exposed twice: once with diaphragms 
of 0.5 mm (*“thick” beam), the other time with dia- 
phragms of 0.15 mm (“thin” beam). The diaphragms 
were prepared on special devices, which ensure 
exact centring of the diaphragm aperture in the col- 
limator. 

The resulting Debyegrams were inspected at ma- 
gnifications of the order of X7, in order to ascer- 


tain whether there were any indications of the ap- 
pearance of points. In order to ensure objectivity 
of registration of these indications microphoto- 
metry was used along the Debye lines (110) and 
(211) on their middle portion, which was approxi- 
mately straight (5-7 mm long). For comparison, a 
photometric reading of the portion of the back- 
ground next to the Debye lines was also taken. 
These registrations exposed the oscillations due to 
blackening connected with the microstructure of 
the photoemulsion. For a continuous Debye line of 
oscillations due to blackening the same levels 
were obtained. The appearance of points on Debye 
lines caused a sharply increased “indentation” in 
photomicrograms: each point — spot on the Debye 
line made a protruberance, and the spaces between 
the spots made a corresponding recess in photomi- 
crograms. 

Registration was carried out with the microphoto- 
meter MF‘4 at a magnification of 1:10. In Fig. 1-3 
photomicrograms of Debye lines of different speci- 
mens which had been X-rayed with a primary beam 
of 0.8, 0.5 and 0.15 mm, and enlarged reproductions 
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Fig. 1. Microphotograms of Debye lines from radiograms 
obtained from electrolytic chromium deposits, deposi- 


ted at Dy = 30 A/dm? and t = 50°C:- 

(a) X-ray lines (110) obtained after annealing at 800°C 
for 2 hr. Beam diameter = 0.8 mm. (Letters with 
apostrophe show the microphotograms of the basis 
next to the appropriate line); 

(b) the same, with a beam of 0.5 mm diameter; 

(c) the lines (110) of a specimen which had been an- 
nealed at 650°C for 2 hr. Beam diameter = 0.5 mm; 

(d) (Microphotogram) of the same line and the same 
specimen as in(c). Beam diameter = 0.15 mm. 


a’) 
b’) 


Fig. 2. Microphotograms of Debye lines from radiograms 
obtained from electrolytic chromium, deposited at Dj = 
30 A/dm? and t = 44°C: 

(a) annealed for 2 hr at 650°C, primary beam diameter 

= 0.5 mm; 
(b) same specimen and treatment as above, primary 
beam diameter = 0.15 mm; 
(c) annealed at 750°C for 2 hr, beam diameter = 0.5 mm; 
(d) radiogram obtained from the same specimen, prima- 
ry beam diameter = 0.15 mm; 
(e) annealed for 2 hr at 800°C, beam diameter=0.5 mm; 
(f) radiogram of the same specimen. 
Primary beam diameter = 0.15 mm. 


of these lines are given. On the basis of these 
pictures it is possible to conclude that there exist 
three temperature steps which register the begin- 
ning of visible indication of grain growth of differ- 
ent types in chromium deposits: 


a) 


Fig. 3. Magnified photoreproductions of Debye lines: 

(a) the line (110), obtained from a specimen, the con- 
dition of deposition and treatment of which are indi- 
cated in the explanation to Fig. la, with exposure 


to the primary beam of 0.8 mm; 

(b) the same line from the same specimen, primary beam 
diameter =0.5 mm; 

(c) line (110) from specimen, the conditions of deposi- 
tion and annealing of which are indicated in the ex- 
planation to Fig. 1. Beam diameter = 0.5 mm; 

(d) line (110) from the same specimen obtained by prim- 
ary beam of 0.15 mm diameter. 


(1) temperature ¢,, at which an anneal does not yet 
give any indication of punctuation of Debye lines, 
neither on exposure to a thick primary beam, nor on 
exposure to a thin beam; 

(2) temperature ¢,, at which an anneal gives indi- 
cations of punctuation of Debye lines when expos- 
ed to a thin beam, but does not yet give these in- 
dications on exposure to a thick beam; 

(3) temperature ¢,, at which an anneal gives indi- 
cations of punctuation, both when exposed to thin 
and thick beams. 

The temperature t, can be regarded, with such a 
degree of approximation of which the methods used 
by us permit, as the beginning of observable re- 
crystallization (t, = trecryst.). The experimental 


results are compiled in Table 3. 
It should be pointed out that the deposits obtained 
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TABLE 3 Recrystallization temperature of electrolytic chromium deposits obtained at 
different working procedures 


Specifications of electrolysis 


Beginning 


44°C 


50°C 


A A 
= 30 — 1D, =40 — 
dm? | dm? dm 


recrystal- 
lization 


A 
D,=40 — 


A 


dm? 


850 700 650 
900 750 700 
950 800 750 


620 580 
660 
700 600 


at 50°C and Dy = 30 A dm? give, after annealing at 
800°C, a well defined X-ray picture of recrystalli- 
zation on exposure with a diaphragm of 05 mm ; 
however, on an X-ray negative taken of the same 
specimen with a diaphragm of 0.8 mm. the Debye 
lines are whole. without indication of punctuation 
(Fig. la and 3a). This experiment shows particu- 
larly clearly how important the application of thin 
beams is in investigations of recrystallization. 


DISCUSSION OF THE RESULTS OBTAINED 


In chromium deposits obtained at room tempera- 
ture and at Dy = 30 A/dm’, recrystallization com- 
mences and proceeds at a noticeable rate at a tem- 
perature of 900°C. The rise in temperature of the 
electrolyte ¢, causing changes in the progress of 
the recrystallization of the deposits and its state 
after formation, also causes a change of the tempe- 
rature at which observable recrystallization com- 
mences. At t = 44°C deposits are obtained which re- 
crystallize at a lower temperature (750°C); at ¢ 
= 50°C the recrystallization temperature is lowered 
still further; a further heating of the electrolyte 
(t = 80°C) causes an increase in the recrystalliza- 
tion temperature of the deposit (to 850°C). Such a 
relationship between trecryst. and t, characterized 
by a minimum in the region of t = 50°C, is more ana- 
logous to a qualitative relationship between ¢ and 
such properties as wear resistance [1]j, degree of 
texture perfection [10] and hardness [13}. 

The thought about the physical nature of the cor- 
relation between the last two characteristics [2, 

11] has been expressed before. 

The nature of the relationship between the cha- 
racteristics of the mechanical properties (hardness, 
wear resistance). structure (texture grain size, 
internal stress) and recrystallization is particularly 


clearly represented on the basis of the work of 
Nemnonov [3], who has developed ideas about the 
mechanism of electrolytic crystallization of chrome 
which are already contemplated in the work [2]. This 
nature is determined, in essence, by a phase of 
self-hardening of the chromium crystal in the depo- 
sit when the primary hexagonal phase (the phase 
obtained when hydrogen is introduced) transforms 
into the normal cubic phase of metallic chromium; 
the thereby occurring change in specific volume 
causes self-hardening. 

At lower electrolyte temperatures this self-hard- 
ening is less than at temperatures around 50°C, 
firstly, because of less hydrogen precipitation 
(causing the formation of the metastable hexagonal 
phase and hence the main reason for the phase self- 
hardening); and secondly, because of the relatively 
greater stability of hexagonal chromium at low elec- 
trolysis temperatures [3), as the result of which 
transformations occur more rarely. 

As regards elevated electrolysis temperatures 
(80°C), the effect of phase self-hardening is here 
also lowered as compared with that at temperatures 
around 50°C, as the formation of hexagonal chrom- 
ium is rendered more difficult at elevated tempera- 
tures [3]. At these temperatures the free energy of 
crystals, and even the nucleus dimensions, are less 
for the cubic phase than for the hexagonal. 

Thus, according to the theory developed by 
Nemnonov, the phase work-hardening must be at a 
maximum in the electrolysis temperature range around 
50°C. The characteristics of structure and mechanic- 
al properties of electrolytic chromium agree well 
with this. The results of the present work confirm 
this conclusion even from the point of view of regu- 
larities in the recrystallization of electrolytic chro- 
mium. 

The lowering in temperature, observed by us at 
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the beginning of recrystallization, with increase in 
current density, (at a given electrolysis tempera- 
ture) is also tied up with the relationship between 
this working specification and such characteristics 
as hardness [13], wear resistance [11] and the de- 
gree of texture perfection [10]. On the basis of this 
correlation (as also of the influence of the tempera- 
ture of electrolysis, considered above, on the same 
characteristics of the deposit) lies the different de- 
gree of phase self-hardening. On increasing the cur- 
rent density (within the range investigated) the ex- 
tent of self-hardening increases; this appears to be 
connected with a greater introduction of hydrogen 
into the lattice of the crystallizing metal, which, 

in its turn, is due to the speeding up of ion dis- 
charge at the cathode. Together with the influence 
of intensified self-hardening on the characteristics 
of structure (degree of texture perfection) and me- 
chanical properties, its influence on recrystalliz- 
ation becomes apparent, the temperature of the be- 
ginning of which appears to be lowered. 

Thus, the results of the present work do not only 
define and detail the results regarding the tempera- 
ture of the beginning of observable recrystalliza- 
tion of chromium, obtained in a previous work [2], 
which had been carried out by a less sensitive 
method, but also bring them into agreement with the 
mechanism of its electrolytic crystallization, in 
which the determining role is played by the phase 
self-hardening. 


CONCLUSIONS 


(1). Experiments were carried out with the aim of 
determining more accurately than before the tem- 
perature at which the commencement of recrystalli- 
zation (trecryst.) of electrolytic chromium, deposit- 
ed under various conditions, becomes observable. 
This increased accuracy has been obtained with the 
help of an X-ray method possessing increased sen- 
sitivity, i.e. the thin primary beam method. 

(2). For matt deposits (¢ = 20°C) the trecryst. is 
found to be at the same level as in previous experi- 
ments (900°C). For bright deposits (¢ = 50°C) it has 
been found to be considerably lower, as compared 
with previous results, namely, 600-660° (instead 
of 900- 1000°C). For “milky”, previously not inves- 
tigated, deposits (t = 80°C) and for deposits obtain- 
ed at t = 44°C, the beginning of observable recrys- 
tallization has been established as 800 and 700°C, 
respectively. 

(3). The relationship between trecryst. for elec- 
trolytic chromium and current density during elec- 


trolysis in the range Dx = 30 — 50 A/dm? has been 
established; its increase causes a lowering of 
trecryst. by 50- 100°C. 

(4). The dependence of trecryst. of electrolytic 
chromium on ¢ and Dx correlates qualitatively with 
the dependence of the degree of texture perfection, 
wear resistance and hardness on the same working 
specifications. 

(5). These relationships, including also the de- 
pendence of trecryst. on ¢ and Dx, can be explained 
from the point of view of the electrolytic crystalli- 
zation theory, which has been developed in the 
work of Kohlsohutter [12!, Arkharov and Nemnonov 
(2!, and particularly thoroughly in the work of 
Nemnonov [3]; the phase self-hardening, arising 
during the transformation of the primary hexagonal 
phase into normal cubic chromium, is the determi- 
ning factor from this point of view. 

(6). In the example of the recrystallization of 
electrolytic chromium the great importance-of the 
thin beam method in the X-ray investigation of 
processes involving distinction of grain size in 
fine-grained materials is shown. 


Translated by G. Isserlis 
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STUDY OF THE SELF-DIFFUSION OF SILVER BY THE FINITE PROBLEM METHOD * 
S.D. GERTSRIKEN and B.D. TSITSILIANO 
Kiev State University 
(Received 6 July 1956) 


The self-diffusion of silver has been studied by the finite problem method between 650 and 900°C. 
The procedure for studying diffusion proposed by Gertsriken and Lozovik |1] has been used. It has been 
found that D = 1.08 exp (—44, 800/RT) cm?/sec, which is in agreement with other published figures. 


(1). Specimens of silver were rolled to a thick- 
ness of 25-40 y. The foil thus produced was an- 
nealed for 40 min at 920°C to relieve stresses and 
to prevent grain growth during the diffusion anneal. 

As a result of this treatment, specimens with an 
average grain size of 40 yu were obtained. The aver- 
age grain size was determined by counting the num- 
ber of grains in a definite area of a microsection 
under a magnification of 125. The grain boundaries 
were revealed by thermal etching in vacuum. Check 
measurements show that subsequent diffusional an- 
nealing (for two hours at 650°, or twenty minutes at 
900°C) did not appreciably increase grain size. 

(2). On pieces of foil about 1 cm? area, a layer of 
silver, several p thick, containing radioactive Ag- 
110 (half-life 270 days) was electrodeposited from 
a bath containing 38 g of KCN, 35 g of AgCN, and 
1 l.of water. The current density was 0.003 A/cm’. 

In the electrolyte, a few grains of silver chloride 
containing the silver radioisotope were dissolved. 
The thickness of the layer was determined each 
time by weighing the foil on microbalances before 
and after electrodeposition. The radioactive layer 
was deposited only on one side of the foil. The 
anode was a silver plate. 

(3). Next, specimens were vacuum annealed in 
pairs, with their plated sides towards one another. 

(4). After the diffusion anneal the intensity of y 
radiation was measured. § radiation was filtered 
out by an aluminium plate 2 mm thick. The intensi- 
ty /y thus determined was taken as the inital inten- 
sity /,. It was somewhat less (10-20 per cent) than 
the radiation intensity from the specimen before 
diffusion annealing, since during vacuum annealing 
part of the silver, including the radioactive, vapo- 
rized. Since the foil is thin, it absorbs practically 
no y radiation. 
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The radiation intensity was determined with a 
B type apparatus with glass counter tubes AMM-7. 
The specimens being investigated were placed on 
an object table, whose position relative to the coun- 
ter was accurately fixed. For studying any particu- 
lar specimen, the geometrical conditions were kept 
constant. The counter and the object table were 
mounted in a lead enclosure with 5 cm thick walls. 
The background for the counter was determined be- 
fore and after experiment. 

(5). Diffusion coefficients were measured by suc- 
cessive removal of thin (a few yz) layers of metal 
parallel to one another. Since the specimens inves- 
tigated were foil 25-40 p thick, removal was most 
conveniently effected electrolytically. 

The layers were removed in an electrolyte of the 
same composition as that used for depositions, the 
method thus being similar to the electrodeposition 
method, but the specimen was anodic. The current 
density was 0.01 A/cm’. 

To check for uniformity of removal, control ex- 
periments were made. The intensity of radiation 
from a specimen on which a radioactive layer had 
been deposited (no annealing) was measured. Be- 
fore and after deposition, the specimen was weigh- 
ed. Then metal was removed until the intensity of 
radiation from the specimen was close to the coun- 
ter background. The check weighings showed that 
the thickness of the layer removed differed only 
very slightly from the thickness deposited. 

(6). Metal was removed from the specimens inves- 
tigated after diffusion annealing, from the side of 
the specimen on which the radioactive layer had 
been deposited earlier. The thickness of the layer 
removed was determined each time by weighing. 
After each removal, the radioactive radiation in- 
tensity from the specimen /, was measured. The 
removal could be continued until the radiation in- 
tensity was close to the counter background. 

The diffusion coefficient was calculated from 
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Table 1, giving values of the function: 


x—l 


* 
Q 


which is a function of two variables: 


A = 1/2(Dt)% and p = (x + h)/l. 


For each value of / there is a line in the Tables, 
and for each value of A a column. 


TABLE 1. 


Here we introduce the notation Q, = total quanti- 
ty of substance diffusing; Q(x,t,h,/) = quantity of 
diffusing substance below the level x in the layer 
l — x after annealing for time ¢; h = thickness of 
electrodeposit; / = total thickness of specimens; 

h = total thickness of layer removed (Fig. 1); D = 
diffusion coefficient. Initially we found directly 
from experiment for each removal 


x—h x+h 
Pry = Po, and also. 


Next in the Tables we find the column A for 
which the difference in values of the tabulated func- 
tion corresponding to the lines py, and px, is equal 
to 2/,h/I,1. Having thus found A, it is easy to deter- 
mine D since all the other quantities in the expres- 
sion for A are known. 

The method of using the Tables is most easily 
illustrated by a concrete example. For 700°C we 
have (Table 2) ¢= 30 min (A/] 4/36 = 0.111, No= 
1810. 

After removing the layer x, = 5.5u: p41, = 0.042, 
Har = 0.264, N, = 696, (2N,/No) (h/L) = = 


81 
2V Dt 
21, _ 2Q(x, Dh 
PW 4 | 4,2 | 4.5 | 4,7 | 5,0 | 5.5 | 6,0 | 6,5 
0,000 | 1411 | 1343 1254 1200 1128 1026 940 | 868 
025 | 1175 1108 1020 967 896 795 711 641 
5 . 050 967 902 817 766 698 600 524 458 
a : 075 786 724 644 597 533 446 375 317 
"100 630 574 499 456 399 322 260 211 
195 499 448 381 343 293 226 175 135 
. 150 390 344 285 252 210 154 114 84 
_ 175 300 260 210 182 147 103 72 50 
; 200 228 194 152 129 101 66 43 28 
| - 295 171 142 108 89 67 42 26 15 
| 250 126 102 75 60 44 25 14 8 
975 91 72 51 40 28 15 8 4 
300 65 50 34 26 17 9 4 2 
| 395 46 34 22 16 10 5 2 1 
‘ 350 32 23 14 10 6 3 1 
375 29 15 9 6 4 
400 15 10 6 4 2 
425 10 6 3 2 1 
450 6 4 2 1 
475 4 2 1 
500 3 1 
525 2 
550 1 
575 
- 600 | 


TABLE 2. 


Self-diffusion of silver 


] 
Ag, ¢ = 700°C; ¢= 30 min. = ~ day; 


Ag, ¢ = 700°C; ¢=90 min. 


Specimen 3. 


{ 


] 
— day; 


A 
36 


h 4 
Specimen | - = 0,111; N, = 1810 
2N, h Ry D 106 
K Nx No / | A cm? /day 
| ‘ 0.042 
l 696 0.0855 5.5 | 0.153 0.264 4.34 8.25 
| 0.111 
2 357 0.0438 8 0.222 0.333 | 4.45 7.85 
D, = (8.05 4 0.20) - 107° 
4 
Specimen 2. —- == the 0.125; N,, = 2060 
l | 946 0.1145 4.6 0.144 0/969! 3.95 1.9 
0,076 
2 638 0.0775 7.5 0.201 0.396 3.85 8.3 
0.194 
3 | 196 0.0238 10.2 0.319 0.444 4.0 a 


Dz = (7.97 + 0,22) 


D-10°; 
cm? /day 


2 853 
3 561 

4 448 
| 885 
2 700 
3 428 


0.042 


2.58 
2.53 
2.51 
2.45 


7,80 
8.10 
8.25 
8.65 


Ds; = (8.20 + 0.25) - 107° 


0.1304 5.5 0.153 0264 
0.084 
0.1102 7 0.195 0°306 
0.175 
0.0724 10.3 0.286 0.397 
0.229 
0.0579 12 0.333 0.444 
Specimen 4 : : O.111; N 1680 
i 36 
0.070 
0.1170 6.5 0.181 0/299 
0,117 
0.0925 8.2 0.228 0°039 
0.229 
0.0665 | 12 | 


2.54 
2.59 
2.48 


8,05 
7.75 
8.45 


D, = (8,08 + 0.24) - 1076 cm?/day 
D,, =(8.07 + 0.06) - 10~® cm? /day 
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0.0855. Here N, and N, are the readings of the The Tables have been compiled with intervals 
counter for /, and /,. of 0.025 for p (cf. Table 1, which is part of the 
Tables compiled for values of A from 0.8 to 2800). 
Hence the values of the function for p,, = 0.042 and 
Ha: = 0.264 are found by linear interpolation. These 
values obviously lie between the lines 0.025 and 
0.050 for ,, and 0.250, 0.275 for y.,. We must find 
the values of A, for which the difference in the tab- 
ulated function, corresponding to p;, and p,, would 
be (2N,/N,) h/l = 0.0855. We find a pair of columns 
for one of which (A = 4.2) the difference is greater 
than indicated, while for the other (A = 4.5) it is 
less. After linear interpolation we find A = 4.34, for 
which the difference in the function is 0.0855. Hence 
, cm?/sec D= 8.25 x 10-* cm?/day. 

r Hence each removal gives a value of D for a par- 
ticular temperature. 

To investigate each temperature two specimens 
were taken, i.e. two pieces of foil cut into two after 
deposition of the radioactive layer. The reason was 
to ensure as constant experimental conditions (co- 
vering of the specimen, average grain size) as pos- 
sible. From each specimen three or four layers 
were removed, consequently for each temperature 
point 6-8 values of D were calculated. Then the 
average D, for the given temperature was calcula- 
ted. 

At 700°C the value of D was determined on four 
specimens, one pair of which had been diffused 
for a longer period than the other. The values of D 
calculated for different annealing times were close 


grains 40u 


OL. 


TABLE 3. Values of D for silver 
(without impurities) 
average grain size 40 pu 


D+ AD, 
cm*/day 


(2.43+0,23) - 
(8.07 +0.06) - 
(2.29 + 0.06) - 
(6.67 +0.39) - 
(1.81+0.08) 
(3.64+0, 18) - 


|| 
6 
958 

? T 

650 10,85 | 1076 

700 10.28 

750 9.77 

800 9.36 10-5 

850 8,92 1074 

900 8.55 10-4 


Self-diffusion of silver 


References Dy cm?/sec. Q kg-cal/g-at 


S.N. Kriukov [2] 1.8 47.4 


W.A. Johnson [3] 0.895 45.95 
A.I. Yamshchikova [4] 0.905 45.0 


H. Kruger and H. Nersh [5] 0.834 44,99 


to one another, being 8.01 x 10-° for half-an-hour, For comparison with the results obtained we pre- 
and 8.13 x 10-* cm?/day for one and a half hours’ sent the results of determining the energy of acti- 
homogenizing. The difference is 0.12 x 10°° = 1.5 vation and the pre-exponential coefficient by other 
per cent of Dey. The data for the determination of methods (2-5) in Table 4. The divergence of Q 
D at 700°C is given completely; for the other tem- from Kriukov’s (2) value is 6 per cent, but does not 
peratures only the final results of calculation. The exceed 2.5 per cent from those given by the other 
average measurement error usually does not exceed authors. 
6 per cent and only at 650°C was it 10 per cent. The main advantage of the present method is the 
The energy of activation Q and the pre-exponen- possibility of measuring small diffusion coefficients 
tial term D, were determined from plots of log D in relatively short times. 
against 1/7). 
Dag = 1.04 exp ( — 44.800/RT) cm?/sec. Translated by R.C. Murray 
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1. INTRODUCTION 


In this paper the results are presented of an ex- 
perimental investigation devoted to elucidating the 


features of the effect of plastic deformation and sub- 


sequent annealing on the martensitic transformation 
in Fe-Cr-Ni alloys of the KH18N8 type. The inves- 
tigation was embarked upon with the object of tes- 
ting the correctness of a hypothesis concerning the 
part played by stresses, as a basic factor respon- 
sible for the activating effect of deformation. 

The experimental data available at present indi- 


cate that prior plastic deformation does not have the 


same type of effect on martensitic transformation of 
austenite in different steels and alloys. In the ma- 
jority of investigations it has been found that de- 
formation retards martensitic transformation during 
subsequent cooling [1-4]. At the same time, in a 
number of steels more complicated relationships 
have been revealed between the degree of deforma- 
tion and the ability of the austenite to transform to 
martensite during subsequent cooling; in particular, 
it has been shown [5], that small degrees of defor- 
mation facilitate more rapid transformation of the 
austenite during subsequent cooling, and only rela- 
tively large deformation lead to an increase in the 
stability of the austenite. 

The most detailed study has been made on the 
effect of prior plastic deformation on the martensi- 
tic transformation in alloys of iron with 22-24 per 
cent Ni and 2.5-3.5 per cent Mn, which are charac- 
terized by their extremely low resistance to plastic 
deformation. In these alloys plastic deformation has 
a purely retarding influence on transformation, ex- 
pressed in a reduction of the Ms point, a reduction 
of transformation on cooling, and considerable re- 
duction in the rate of isothermal transformation [6]. 
The results of previous magnetometric and X-ray 
investigation, on this alloy, of the processes oc- 
curring during the annealing of deformed austenite, 


* Fiz. metal. metalloved. 6, No. 1, 95-105, 1958. 


have shown that removal of the retarding influence 
of deformation (recovery of the original capacity of 
the austenite to transform on cooling) occurs most 
rapidly in a témperature range lying above the re- 
crystallization temperature. On the basis of these 
data, it was concluded that one of the basic factors 
responsible for increasing the stability of the aus- 
tenite as a result of plastic deformation, is refine- 
ment of the grains and mosaic structure blocks [7]. 

The more complicated type of effect of prior de- 
formation on martensitic transformation — an acti- 
vating effect due to small deformations and a retar- 
ding effect due to large deformations — has only 
been observed in a few steels [5] and has been stu- 
died comparatively little. In this connexion, it van 
be supposed that the different effects of small and 
large deformations on martensitic transformation is 
the more general case, and is due to the different 
effects on martensitic transformation of the structur- 
al changes brought about in the austenite by the 
plastic deformation: an activating effect due to 
stresses and a retarding effect due to internal 
boundaries of separation. At small degrees of de- 
formation, without significant breaking down of the 
blocks and grains, the stresses set up must promote 
the transformation of austenite to martensite, where- 
as at relatively large deformations the predominant 
effect must be that of the retarding factor, due to the 
breaking down of the austenite crystals which oc- 
curs during the plastic deformation. The ratio of 
the activating factor to the retarding factor must 
obviously depend not only on the degree and nature 
of the deformation but also on the elasto-plastic 
properties of the austenite. This, in our opinion, 
explains why the effect of plastic deformation on 
martensitic transformation is different in different 
materials. 

In accordance with these ideas, the strongly re- 
tarding effect of plastic deformation on martensitic 
transformation, observed in Fe-Ni-Mn alloy can be 
explained by the extremely high ductility of this 
alloy, and the impossibility of setting up signifi- 
cant residual stresses in it by plastic deformation. 


This approach to an explanation of the effect of 
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plastic deformation has enabled the authors to put 
forward the view that the activating effect of defor- 
mation cannot be regarded as a specific feature of 
steels (alloys containing carbon). This effect can 
probably be observed also in carbon-free alloys, 
possessing sufficiently high elastic properties. 

In the present investigation the problem was pos- 
tulated of detecting the activating effect of deform- 
ation in an alloy of this type and of checking the 
validity of the hypothesis of the activating effect 
of stress on martensitic transformation in deformed 
austenite. For this purpose it was necessary to 
study the way in which the effects of deformation 
are removed during annealing at gradually increas- 
ing temperatures.* In this case, if the suggested 
promoting effect of stress on martensitic transform- 
ation in deformed austenite were correct, the acti- 
vating effect would have to be removed by heating 
in a comparatively low temperature range. 

A further problem in this investigation was to 
study the effect of deformation on isothermal mar- 
tensitic transformation, in order to elucidate the 
characteristic features of the changes in the kine- 
tics, due to the influence of activating and retard- 
ing deformations. 


2. CHOICE OF ALLOY AND EXPERIMENTAL 
TECHNIQUE 


Starting from the proposition that the activating 
effect of deformation can only be detected in alloys 
of sufficiently high elastic properties, it was deci- 
ded to carry out the investigation on an iron-chrom- 
ium-nickel alloy of the KH18N8 type. 

Preliminary trials indicated that this type of al- 
loy was completely suitable for the requirements put 
forward. The main experiments were carried out on 
two alloys fairly similar in chemical composition 
and in the position of the Ms point, namely KH18N8, 
(C, 0.03 per cent; Cr, 18.10 per cent; Ni, 8.1 per 
cent) and KH17N9 (C, 0.05 per cent; Cr, 17.25 per 
cents Ni. 9.16 per cent). The effect of deformation 
and subsequent heating on martensitic transforma- 
tion during cooling, was studied on the KH18N8 
alloy, and the effect of deformation on isothermal 
martensitic transformation on the KH17N9 alloy. 

The investigation was carried out on flat speci- 


* It was os. Synge to carry out such an investigation 


on a steel, in view of the possible superimposition 
(during annealing) of processes of a diffusional char- 
acter on the process of removing the effects of defor- 


mation. 


mens of dimensions 3.5 x 5.5 x 25.5 mm, subjected 
after machining to prolonged homogenization anneal- 
ing at 1150°C, for 10 hr. They were plastically de- 
formed by compression in a press, at room tempera- 
ture and also at 100 and 175°C. The deformation at 
100 and 175°C was carried out in a special contain- 
er with a heating coil. Boiling water was used as 
the medium to ensure that the temperature was 100° 
C. Deformation at 175°C was carried out in glycer- 
ine. 

The changes in the ability of the austenite to 
transform to martensite were estimated by the ther- 
momagnetic method, taking cooling curves down to 
— 196°C and then heating to 20°C at a rate of 10°/ 
min. The main criterion used for the stability of 
the austenite was the total transformation obtained 
due to cooling and heating, Mc + My. 

Changes in the fine structure of the austenite oc- 
curring due,to plastic deformation and to subsequent 
heating were studied by the X-ray method, measure- 
ments being taken of the line-broadening of the 
(311) line. The X-ray exposures were made by the 
back-reflection method in manganese radiation, 
with rotating film and specimen. The austenite 
(311) lines obtained on the X-ray films were mea- 
sured photometrically twice on each half of the 
film. The width of the Kg, line was determined at 
half the height of the maximum on the density curve. 
The degree of broadening, determined by the physic- 
al condition of the material, was found by the method 
developed by Lysak [8]. The value of the physical 
broadening of the (311) austenite line was taken as 
a measure of the condition of the fine structure of 
the austenite (the magnitude of the shear stresses 
and the size of the coherent diffraction blocks.) 


3. INVESTIGATION OF THE EFFECT OF 
DEGREE OF PRIOR PLASTIC DEFORMATION 


A feature of the iron-chromium-nickel alloys 
investigated, KH18N18 and KH17N9, is the extreme- 
ly sluggish nature of the martensitic transformation 
which takes place on cooling. At the same time, in 
these alloys the transformation of austenite to mar- 
tensite takes place rapidly during plastic deforma- 
tion carried out at room temperature. 

By studying martensitic transformation after vari- 
ous degrees of plastic deformation it was established 
that, despite the partial transformation which the 
KH18N8 alloy experiences directly during deforma- 
tion, the capacity of the austenite to transform to 
martensite on subsequent cooling was not only not 
diminished, but even increased, in comparison to 
the undeformed condition (Fig. 1). This picture was 


Martensitic transformation in an Fe-Cr-Ni alloy 
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No 
S 


Amount of martensite % 


-200 -150 -50 


Temperature, °C 


FIG. 1. Transformation of austenite to martensite on 
cooling to — 196°C and heating to 20°C, 
after various degrees of prior plastic 
deformation at room temperature. 
Alloy KH18N8. 


observed in a fairly high deformation range, up to 
10 per cent. Only a deformation of 20 per cent, 
during which 43 per cent of martensite was formed, 
completely stabilized the austenite with respect to 
further transformation on subsequent cooling. 

The propensity of the KH18N8 alloy to undergo 
substantial martensite transformation during de for- 
mation at room temperature hindered the carrying 
out of experiments under pure conditions, i.e with- 
out superimposed effects due to the martensite 
forming during deformation. 

In order to exclude the formation of “deformation 
martensite” it proved necessary to alter the deform- 
ation temperature and resort to compression at above 
room temperature. A study was made of the changes 
in the kinetics of martensitic transformation due to 
deformation carried out at temperatures of 100 and 
175°C. The study of deformation at a number of 
temperatures (20, 100 and 175°C) was also of 


interest for the reason that it made it possible to 
check the validity of the proposed relationship 
between the elasto-plastic properties of the austen- 
ite and the nature of the effect of deformation on the 
martensitic transformation. In accordance with the 
concepts developed, as the deformation temperature 
is increased, the part played by factors which retard 
martensitic transformation must increase, since the 
ductility of the alloy is raised, whereas the magni- 
tude of the residual internal stresses will decrease, 
which must lead to a falling off in the activating 
effect of the deformation. 

The results obtained for compression carried out 
at 100°C showed particularly clearly the different 
nature of the effects of small and large deformations 
on martensitic transformation (Fig. 2a). As the de- 
gree of deformation was increased up to 7.5 per 
cent, an increase was observed in martensitic 
transformation during subsequent cooling. Thus, in 
the specimen deformed by 7.5 per cent, about 17 per 
cent of martensite was formed as a result of cooling 
followed by heating, i.e. about three times as much 
as in the undeformed specimen. The activating effect 
of 9.7 per cent deformation was already somewhat 
less; 14.7 and 23 per cent deformations already led 
to a retardation of martensitic transformation. 

The different nature of the effects of deformation 
was also maintained when the deformation tempera- 
ture was raised to 175°C. The features of deforma- 
tion at 175°C consist in that the effect of this pre- 
liminary treatment was revealed not only in changes 
in martensitic transformation during cooling, but 
also in a shift of the Ms point, particularly under 
the influence of relatively large deformations of 
16.5 and 31 per cent, which had a retarding influen- 
ce on the martensitic transformation (Fig. 2b). 

Inter-comparison of the curves of total martensitic 


transformation (M, = Mdef. + Mcool. + Mheat.) 
against degree of deformation at all the three 
temperatures, 20, 100 and 175°C, showed that as 
the deformation temperature is increased, the maxi- 
mum in the activating effect of deformation is dis- 
placed towards smaller amounts of compression, 
and its absolute valve is decreased (Fig. 3). (The 
maximum on the curve for Tdef, = 20° is not observ- 
ed, on account of the superimposition of the large 
martensite-formation effect during transformation). 
This displacement of the maximum in the activa- 
ting effect of deformation, and the reduction of the 
degree of activation, show that as the deformation 
temperature is increased, the part played by factors 
which retard martensitic transformation is increased, 
whilst the magnitude of the internal stresses 
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S 
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3% 
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FIG. 2. As in Fig. 1 but after deformation at elevated temperatures. 


produced in deformation is decreased, due to a cer- 
tain reduction in the elastic limit of the alloy and 
to partial relaxation of the stresses. 


4. INVESTIGATION OF THE EFFECT OF 
HEATING ON THE STABILITY OF DEFORMED 
AUSTENITE AND ON ITS FINE-STRUCTURAL 

CONDITION 


The validity of the hypothesis put forward on the 
relationship of the activating effect of deformation 
to the internal stresses could be checked by find- 
ing the way in which the stability of deformed aus- 
tenite changes on subsequent heating to higher and 
higher temperatures, and the laws governing the 
restoration of its fine structure under the same cir- 
cumstances. As has already been stated above, it 
was to be expected that when the previously deform- 
ed alloy is annealed, the effect of plastic deforma- 
tion would be reduced, due to gradual elimination 
of the stress. This effect must be observed during 
heating to a relatively low temperature range, in 
any case below the recrystallization temperature. 

This investigation was carried out for three 


~ 


S 


Amount of martensite M¥ 
(Mdef. + Mcool.+ Mheat) % 


40 
Degree of deformation Ws, % 


FIG. 3. Change in total amount of martensitic trans- 

formation Me = (Mdef. + Mcool. + Mheat.) in relation 

to degree of prior plastic deformation, for different 
deformation temperatures Tdef, Alloy KH18N8. 


degrees of reduction, 5, 10 and 15 per cent, at a 
deformation temperature of 100°C. The 5 and 10 
per cent deformations were selected as leading to 
activation of martensitic transformation, and 15 per 
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cent as producing retardation. The investigation 
was carried out in the following order: after each 
treatment, whether by deformation or heating, the 
specimens were X-rayed and then deep-frozen in 


the anisometer by the normal method. From the deep- 


freezing curve, an estimate was made of the effect 


of heating temperature on the stability of the deform- 


ed austenite. 

Examination of the curves obtained in Fig. 4 
shows that the stability of deformed austenite var- 
ies in a complicated manner with subsequent heat- 
ing to gradually higher temperatures. At first, on 
annealing at a relatively low temperature, the aus- 
tenite stability is increased; then, from a certain 
temperature onwards, the austenite stability is de- 
creased. This picture is observed at all degrees of 
reduction, both in the cases of 5 and 10 per cent 
deformation, which activate transformation and in 
the case of 15 per cent deformation, which increase 


-200 -1530 -100 -50 CG 
Temperature, °C 
FIG. 4. Effect of annealing temperature on transformation of deformed austenite, 


on cooling to — 196°C and heating to 20°C, for various degrees of deformation. 
Deformation temperature 100°C. Alloy KH18N8. 


the stability of the austenite. 

A particularly detailed study was made of the 
effect of low temperature tempering on the stabili- 
ty of austenite deformed 10 per cent. In carrying 
out these experiments, the problem was postulated 
of finding at what annealing temperatures signifi- 
cant changes commence in the condition of deformed 
austenite. 

The investigation showed that a change in the 
stability of deformed austenite takes place already 
on heating to 100°C. The effect of annealing treat- 
ments at relatively low temperatures, — 100, 200, 
300 and 400°C — is revealed in that the stability of 
the austenite after heating to these temperatures is 
greater than that for the as-deformed condition, by 
an increasing amount, the higher the annealing 
temperature. This increase in stability is reflected 
in a lowering of the Ms point and a reduction in the 
total amount of martensitic transformation. 
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FIG. 5. Changes in the amount of physical broadening 

of the austenite (311) line, the total amount of mar- 

tensitic transformation Mcool. + heat. and the Ms 

point, in relation to the annealing temperature for al- 
loy KH18N8 deformed 10 per cent at 100°C. 


The stabilizing effect (i.e. the increase of aus- 
tenite stability) due to annealing at low tempera- 
tures was so marked that, as a result of such treat- 
ment not only was the activating effect of the de- 
formation eliminated but there was also an addition- 
al increase in the austenite stability, compared with 
the undeformed condition. Thus, for example, anneal- 
ing at 400°C reduced the percentage of transformed 
austenite to about 1/6 as compared with the deform- 
ed condition and to about 1/4 as compared with the 
undeformed condition. 

Elimination of the activating effect of deformation 
at temperatures as low as the range 100-400°C con- 
firmed the correctness of the hypothesis regarding 
the connexion between the observed activation of 
martensitic transformation and the influence of in- 
ternal stresses. 

However, the width of the austenite (311) line 
was practically unaffected by heating to 400°C, ac- 
cording to the X-ray analysis results; a definite de- 
crease in the degree of physical broadening of the 
austenite (311) line only set in on heating above 
400°C, and was not even complete after annealing 
at 800°C (Fig. 5). This indicated that the changes 
leading to the stabilization of deformed austenite on 
heating to 400°C are not connected with changes in 
the mean value of the shear stresses. It is more 
probable that at such a low temperature the peak 
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deformed conditions. Alloy KH17N9. 


stresses are relieved, i.e. the stresses concentrat- 
ed in isolated areas of the austenite crystals and 
reaching values considerably in excess of the mean 
value of the shear stresses. Due to the fact that the 
stresses in these areas considerably exceed the 
mean value of shear stresses and are localized in 
very tiny volumes, the relaxation or redistribution 
of these stresses becomes possible even at tem- 
peratures as low as 100- 200°C. Since such changes 
occur in an insignificant proportion of the total 
specimen volume, they cannot affect the width of 
the X-ray diffraction lines. 


5. INVESTIGATION OF ISOTHERMAL 
TRANSFORMATION 


The investigation of the effect of deformation on 
isothermal martensitic transformation in an iron- 
chromium-nickel alloy furthered the aim of elucida- 
ting what changes occur in transformation kinetics 
under the influence of deformations which activate 
transformation, and what are the distinguishing 
features of these changes as against those caused 
by the retarding effect of deformation. 

The carrying out of this investigation on iron- 
chromium-nickel alloy, and comparison of the data 
obtained with the results of an earlier investigation 
carried out on iron-nickel-manganese alloy were 
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intended to facilitate reaching more general conclu- 
sions on the laws zoverning the changes in marten- 
sitic transformation kinetics under the influence of 
plastic deformation. 

Before proceeding to the main investigation of 
isothermal transformation on the KH17N9 alloy se- 
lected for this purpose, tests were carried out to 
construct curves of martensitic transformation after 
various amounts of plastic deformation at 100°C. On 
the basis of these results, two characteristic degrees 
of deformation were chosen for further investigation: 
w = 8 per cent, which activates martensitic trans- 
formation and W = 17 per cent which retards trans- 
formation. 

As was shown by the results of the investigation, 
isothermal transformation of the KH17N9 alloy, when 
in the undeformed condition, is extremely sluggish 
and leads to slight final degrees of isothermal trans- 
formation (Fig. 6). However, despite the small am- 
ount of transformation, the relationship between 
transformation rate and temperature shows up quite 
clearly, and produces a curve of the normal type, 
with a maximum (Fig. 6a). The curve for total amount 
of isothermal transformation against temperature has 
an analogous shape (Fig. 6b). 

The effect of deformation which activates trans- 
formation shows up in a considerable increase in 
the initial transformation rate and an increase in the 
total amount of transformation, i.e. in an increase 
in the limiting quantity of austenite capable of trans- 
forming to martensite at each temperature (see the 
curves w = 8 per cent). Moreover, this relatively 
small deformation widens the transformation temper- 
ature range in the directions of both higher and lower 
temperatures. Thus, although in the undeformed con- 
dition transformation does not yet occur at — 50°C, 
after 8 per cent reduction it occurs at a noticeable 
rate, and the total amount of transformation at this 
temperature is about 2.5 times greater than the total 
transformation obtained at a lower temperature (— 59° 
C) in the undeformed condition. Accordingly, deform- 
ation which activates transformation raises the Ms 
point of the alloy. 

The extension of the temperature range in the low 
temperature region can be illustrated by the follow- 
ing data. Transformation does not occur in liquid 
nitrogen in the undeformed condition, but after 8 per 
cent deformation it occurs at a considerable speed 
and the total amount of transformation at this tem- 
perature exceeds 4 per cent. It is of interest to find 
how far the martensitic transformation range extends 
into the low temperature region. 

A different state of affairs obtains after a relativ- 
ely large deformation (yw = 17 per cent) which retards 


transformation. In main outline, the changes in the 
kinetics in this case are similar to those previously 
observed on a chromium-nickel-manganese alloy, 
which is characterized by deformation having a re- 
tarding effect at any degree of reduction, even the 
smallest [6]. Under the influence of such deforma- 
tion the Ms point of the KH17N9 alloy is lowered 
by 60°, and the entire transformation range displac- 
ed (as compared with the undeformed condition) to 
a lower temperature interval. As a result of this, 
the upwards branch of the transformation rate curve 
is situated in the temperature range corresponding 
to the downwards curve obtained for the undeformed 
condition. 

The difference between the rate values for the 
17 per cent deformed and the undeformed conditions 
is greatest in the temperature range corresponding 
to the upwards branch of the rate curves, and gra- 
dually diminishes as the maximum is approached. 
The downwards branch of the curve for w = 17 per 
cent practically coincides with the curve for w = 0, 
with the only difference that in austenite deformed 
by 17 per cent, transformation still occurs at — 196° 
C at a noticeable rate, whilst in the undeformed 
austenite it is already completely absent. The curve 
for the total amount of isothermal martensitic trans- 
formation for a deformation of 17 per cent exhibits 
only an upwards branch. This indicates that after 
this deformation martensitic transformation will con- 
tinue to occur in a certain range of temperatures 


below — 196°C. 
CONCLUSION 


The effect of the plastic deformation of austenite 
on its subsequent transformation to martensite has 
been studied on Fe-Cr-Ni (18/8 type) alloys which 
have a high resistance to plastic deformation. De- 
formation to various degrees was carried out at tem- 
peratures of 20, 100 and 175°C. Transformation at 
below room temperature was studied both directly 
following deformation and after annealing the deform- 
ed alloys at various temperatures. The fine crystal 
structure of the austenite obtained after deformation 
and tempering was determined on the basis of the 
width of the X-ray diffraction lines. 

The investigation led to the following conclusions. 
Plastic deformation may have either an activating 
or a retarding effect on martensitic transformation, 
depending on the conditions of deformation and an- 
nealing. Small degrees of deformation activate trans- 
formation: they widen the transformation temperature 
range, increase the initial rate of isothermal trans- 
formation and increase the total amount of martensite 
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phase. Increasing the degree and temperature of de- 
formation gradually increases the stabilizing effect 
of deformation on the austenite. 

Annealing in the temperature range 100 - 400°C 
leads to the removal of the activating effect of pre- 
vious deformation. The retarding effect of deforma- 
tion does not disappear under these conditions; after 
annealing activated specimens at 400°C the total 
transformation becomes considerably less than for 
the undeformed alloy. 

In specimens “stabilized” by relatively large de- 
grees of deformation, annealing at 100-400°C leads 
to an increased stabilization effect. The retarding 
effect of deformation is gradually eliminated as the 
annealing temperature is raised beyond 400°C. 

The width of the X-ray diffraction lines in de- 
formed specimens remains unchanged on annealing 
at up to 400°C and is only reduced at higher temper- 
atures. 

On the basis of the results of this investigation 
and the data from previous work the following hypo- 
thesis can be put forward regarding the nature of the 
effect of plastic deformation on martensitic trans- 
formation. 

The various changes in the fine crystal structure 
of austenite, produced by plastic deformation may 
lead either to promoting the formation of martensite 
nuclei during subsequent cooling or to making their 
formation more difficult. At small degrees of plastic 
deformation those structural changes occur to a large 
extent which promote nucleation. However, even at 
these degrees of deformation changes also take place 
in the austenite which make transformation more dif- 
ficult. As the degree of deformation, or the deforma- 
tion temperature, is increased, the structural changes 
which retard transformation play an ever-increasing 
part. 

The changes in the fine crystal structure which 
activate transformation are removed at comparative- 
ly low annealing temperatures; at which the diffrac- 
tion line-width is not yet affected, i.e. before there 
are any substantial changes in either the mean value 
of shear strains or the dimensions of the coherent 
diffraction regions. The structural changes which 
retard nucleation are retained under these circums- 
tances. Their elimination only occurs in a higher 
temperature range coincident with the range in which 
line-broadening is reduced. 

At present we cannot yet regard as established 
what fine-structure details favour the formation of 
martensite nuclei and what structural details make 
their formation more difficult. 

It can be imagined that the stresses which are 
produced during plastic deformation or some other 


influence (irradiation effects, phase transformations) 
have an activating effect on transformation. How- 
ever, they are not the shear stresses, which can be 
determined from the diffraction line-broadening. It 
can be supposed that they are stress peaks, con- 
centrated in small volumes. The relaxation of such 
stresses can occur at temperatures considerably 
lower than the temperature range for removal of shear 
strains. They are also apparently the cause of the 
long-known stabilization of austenite, during holding 
at room temperature and below, as observed in the 
transformation of austenite to martensite on cooling. 

The factor which makes martensite nucleation 
more difficult may be the reduction in the size of 
the regions which diffract X-rays coherently. The 
loss of lattice periodicity at block boundaries and 
slip planes does not act as an obstacle to the growth 
of martensite crystals [9], when the crystals are of 
sufficiently large size. However, it may hinder the 
regular re-construction of the lattice as martensite 
nuclei form in the early stages of their growth, since 
the crystal will not give rise, as it grows, to 
stresses high enough to stimulate further growth 
[10]. The possibility is not excluded, that even the 
shear stresses may be a factor which hinders marten- 
site nucleation, if the size of regions in which these 
stresses are non-uniform is comparable with the di- 
mensions of nuclei [11]. 

To elucidate these problems it will be necessary 
to undertake a wider study of the connexion between 
the fine crystal structure condition and the activa- 
tion and retarding phenomena of martensitic trans- 
formation. 

Comparison of the results of investigations on the 
effect of plastic deformation on martensitic trans- 
formation in the Fe-Ni-Mn [6,7] and Fe-Cr-Ni systems 
leads to the conclusion that the exteat of the changes, 
brought about by deformation, in the various structur- 
al factors, and the consequent nature of the changes 
in martensitic transformation kinetics, depends on 
the elasto-plastic properties of the austenite. The 
ratio between those changes which activate marten- 
sitic transformation and those which retard it, may 
differ, and it depends not only on the degree of de- 
formation but also on the elasto-plastic properties 
of the original phase. As a result of this the influ- 
ence of plastic deformation on martensitic transform- 
ation, as observed on different materials, is also 
different. 

Translated by E. Bishop 
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EFFECT OF HEATING RATE ON THE SURVIVAL OF AUSTENITE STRUCTURE IN 
PREVIOUSLY QUENCHED CHROMIUM STEELS* 
V.G. GORBACH and V.D. SADOVSKII 
Institute of Metal Physics, Urals Filial, Academy of Science SSSR 
(Received 31 July 1957) 


The results are given of a metallographic investi- 
gation of the effects of heating rate and chromium 
content on structural formations in the steel result- 
ing from previous over-heating. 

It is generally considered that the grain size of 
austenite immediately after the steel is heated 
above the critical points, is determined by the num- 
ber of austenite nuclei which are formed and by 
their rate of growth, unless there is marked develop- 
ment of collective recrystallization. However, as 
has been shown [1-4], this simple scheme does not 
always hold good. For instance, when steel which 
has previously been overheated and quenched is 
heated very rapidly, the austenite grain size imme- 
diately ahove the critical points corresponds entire- 
ly, in its size, shape and apparent orientation, on 
the original martensite pseudo-grains and thus also 
on the austenite size existing during the overheat- 
ing [5]. 

On the other hand, a similar result is also some- 
times obtained when previously overheated and 
quenched steel is heated very slowly, the original 
overheated grain being again restored immediately 
above the critical points [6]. 

Naturally, the austenite grain structure restored 
when quenched and untempered steel is heated ra- 
pidly, and that restored when quenched steel is 
heated slowly, will be different in respect of their 
fine structure and even more so in respect of the 
austenite grain size which will form at high temp- 
eratures. When quenched untempered steel is heated 
rapidly, the restoration of the original coarse grain 
may be connected with a diffusionless mechanism of 
austenite formation. 

When quenched steel is heated slowly the process 
of austenite formation undoubtedly takes place as a 
result of the normal interdiffusion of the ferrite and 
carbides and the reason why the grain is restored 
remains unclear. It is only known that in the cases 
investigated (steels 40KHS, 35KHGS and 37KHN3), 
a substantial part is played by the rate of heating 
through the critical range: the grain is restored at 


* Fiz. metal. metalloved. 6, No. 1, 106- 109,1958. 


heating rates of 1-2° per minute and accelerated 
heating (100- 200° per minute) leads to fine grain 
formation, although in this case also the austenite 
grains show an orientational relationship with the 
original structure [3] It is to be expected that the 
heating conditions, under which the austenite struc- 
ture survives and the grain is restored, will depend 
on the amount and nature of the alloys in the steels. 

A further aim of this work was to elucidate the 
problem of how the grain restoration conditions vary 
for steels alloyed with different amounts of chrom- 
ium. 

Steels 40KH3, 40KH6 and 40KH12, of the chemic- 
al compositions tabulated below, were selected for 
the investigation. 

The materials were first quenched from a tempera- 
ture of 1300°C, then tempered at 650°C and cut into 
blocks 10 x 10 x 8mm. For the rapid heating tests, 
the quenched material was cut into plates of thick- 
ness 1.5, 3 and 6 mm and area 10x 10 mm. The 
heating, at rates between 0.25 and 135° per minute, 
was carried out in an ordinary laboratory furnace 
and the rapid heating, at 135 to 1000° per minute, in 
a salt bath. 

After the preliminary treatment, the specimens 
were heated at known rates into the austenite re- 
gion, transferred after a certain time to a bath at 
650°C for partial troostite formation, and then water- 
quenched; metallographic examination followed. 


1. EFFECT OF CHROMIUM CONTENT ON THE 
SURVIVAL OF AUSTENITE STRUCTURE ON 
SLOWLY HEATING A QUENCHED AND 
TEMPERED STEEL 


The quenched and tempered specimens were heated 
to the normal hardening temperature (steel 40KH3, 
900°C; steel 40KH6, 950°C; steel 40KH12, 1000°C); 
the heating rate in the critical range (730-870°C) was 
varied as follows: 0.25, 0.5, 1, 2,4, 8, 16, 33, 135 and 
1000° per minute. The holding time at temperature 
was 30 min. After heating, the specimens were 
transferred to a bath at a temperature of 650°C, to 
bring out the grain by means of a troostite network, 
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TABLE 1. 


Steel 


40KH3 
40KH6 


40K H12 


and then quenched in water. The holding time in the 
bath was 3 min for steel 40KH3, 7 min for steel 
40KH6 and 10 min for steel 40KH12. For steel 
40KH3 at heating rates of 2°/min and under, the 
troostite network reveals coarse grain, whilst the 
martensite has a coarse structure, i.e. the original 
grain is completely restored (Fig. la). As the heat- 
ing rate is increased, fine austenite grains appear 
in increasing numbers and of decreasing size. At 
high heating rates (100° per minute and over) fine 
grain is produced (Fig. 1b). On heating at interme- 
diate rates (4- 8° per minute), it can be observed 
that the troostite network outlines the original 
grain boundaries quite clearly and at the same time 
there is a considerable number of fine grains lying 
within the coarse grains (Fig. 1c). 

A similar state of affairs occurs in steels 40KH6 
and 40KH12, with the sole difference that complete 
restoration of the grain is observed at re-heating 
rates of 1 and 0.25° per minute respectively. Thus, 
with increasing chromium content restoration be- 
comes more difficult and requires slower heating. 

If the austenite structure of steels 40KH3, 40KH6 
and 40KH12, after prior quenching and re-heating at 
a rate of 2°/min is compared, it can be seen that 
complete restoration of the grain has taken place in 
steel 40KH3, fine grain is appearing in steel 40KH6 
at the same rate and to a still greater extent in 
steel 40KH12 (Fig. 2). 

The fact that grain restoration when quenched 
steel is re-heated (diffusional restoration) becomes 
more difficult as the chromium content is raised, 
supports the hypothesis that the main requisite for 
grain restoration to occur under these conditions is 
the avoidance of overheating; i.e. the austenite must 
form under conditions approaching equilibrium. 


2. EFFECT OF CHROMIUM CONTENT ON THE 
SURVIVAL OF AUSTENITE STRUCTURE ON 
THE RAPID HEATING OF QUENCHED 
UNTEMPERED STEEL 


If grain restoration on the rapid heating of 


quenched steel is connected with the diffusionless 
character of the austenite formation, it is to be ex- 
pected that an increase in the alloy content, by re- 
tarding the breakdown of the martensite during heat- 
ing, must lead to grain restoration at lower and 
slower heating rates, as the chromium content of 
the steel is increased. Tests confirm this expecta- 
tion. Material quenched from 1300°C was cut into 
test-pieces 1.5, 3 and 6 mm thick and of area 10 x 
10 mm. The specimens were heated in a salt bath 
to a temperature of 885°C for steel 40KH3, 930°C 
for steel 40KH6 and 1000°C for steel 40KH12. The 
holding time on heating was 30 min. The specimens, 
heated to the required temperature, were transferred 
to a bath heated to 650°C and held for a certain time 
in order to precipitate a troostite network at the aus- 
tenite grain boundaries. In steel 40KH3, at heating 
rates above 1000°/min, the martensite has a coarse 
structure, and the troostite network precipitates 
along the boundaries of the old coarse austenite 
formed during the preliminary overheating (Fig. 3a). 
With slower heating (500°/min) fine austenite grains 
commence to form in steel 40KH3 (Fig. 3b) and at 
heating rates around 135°/min, the grain is fine 
(Fig. 3c). The range of heating rates leading to 
grain restoration in quenched, untempered steel 
40KH6 extends to heating rates of 260°/min. Grain 
refinement can be observed in this steel at heating 


rates of about 70°/min. 
Comparing the austenite grain in previously quen- 


ched, untempered steels 40KH3, 40KH6 and 40KH12, 
after heating at a rate of 135°/min, it can be seen 
that in steel 40KH12 there is complete grain resto- 
ration, in steel 40KH6 fine grain appears and in 
steel 40KH3 complete grain refinement has occurred 
(Fig. 4). In steel 40KH12, even after heating at 
rates from 4°/min and upwards, the austenite grain 
from the previous treatment is restored. On heating 
at a rate of 2°/min slight grain refinement is obser- 
ved, and at still lower heatiag rates grain restorat- 
ion again takes place. 

It should be pointed out that slow heating of 
quenched, untempered steel leads to the same 
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FIG. 1. Microstructure of steel] 40KH3 after prior 
quenching from 1300°C and tempering at 650°C, 
when heated to 900°C, partially transformed in a 
bath at 650°C and finally water-quenched, x 40: 

a — heating rate 2°/min; 

b — heating rate 4-8°/min; 

c — heating rate 135°/min. 


FIG. 2. Microstructure of chromium steels after prior 
quenching from 1300°C and tempering at 650°C, when 
re-heated at 2°/min, partially transformed in a bath 
at 650°C and finally water-quenched, x 40: 
a — steel 40KH3; 
56 — steel 40KH6; 
c — steel 40KH12. 
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FIG. 3. Microstructure of steel 40KH3, after prior 
quenching from 1300°C without tempering, when 
rapidly heated to 900°C, partially transformed 
at 650°C and finally water-quenched, x 50: 
a — re-heating rate 1000°/min; 
b — re-heating rate 500- 300°/min; 
c — re-heating rate 135°/min. 


FIG. 4. Microstructure of chromium steels after prior 
quenching from 1300°C without tempering, when re- 
heated at a rate of 135°/min, partially transformed 
in a bath at 650°C and finally water-quenched, x 50: 

a — steel 40KH3; 

b — steel 40KH6; 

c — steel 40KH12. 
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FIG. 5. Relationship between mean austenite grain 
size and re-heating rate, in previously overheated 
chromium steels : 

I —for the case of prior quenching from 1300°C 

without tempering; 
Il —for the case of prior quenching from 1300°C 
and tempering at 650°C: 
a — steel 40KH12; 
— steel 40KH6; 
c — steel 40KH3. 


results as in the case of the slow heating of quen- 
ched and tempered steel which was considered in 
the previous section. The minimum heating rate for 
quenched, untempered steel, to produce diffusion- 
less grain restoration was as follows: 1000°/min 
for steel 40KH3, 260°/min for steel 40KH6 and 4°/ 
min for steel 40KH12. 

As already stated, the effect of chromium on 
grain restoration is not unexpected, since as the 
chromium content is increased, the breakdown of 
martensite is rendered more difficult and the diffus- 
ionless formation of austenite becomes easier. 

Fig. 5 shows the values of mean austenite grain 
size against the rate of re-heating. The mean ori- 
ginal grain size was 1.5 mm. 

It can be seen that the limiting heating rates at 
which grain restoration is observed, depend on the 
alloy content of the steel. For quenched, untemper- 
ed steel, very rapid heating leads to restoration of 
the original grain, and the higher the chromium con- 
tent, the lower is the heating rate required to pro- 
duce grain restoration. Reduction of the heating 
rate below the known limit leads to grain refine- 
ment. Even slower heating, in which the steel is 
significantly tempered during the heating process, 
again produces grain restoration, in a similar manner 
as in the slow heating of quenched and tempered 


steel. 

The observed features of austenite structure in 
relation to the prior heat treatment and rate of re- 
heating must undoubtedly have a substantial effect, 
as has already been shown for a number of cases 
[8,9] on the transformation kinetics of supercooled 
austenite. 

It is intended to give an account of the results of 
an investigation of this point in a subsequent com- 
munication. 


CONCLUSION 


The structure of the austenite formed in a pre- 
viously quenched steel when it is heated largely 
depends on the heating rate. When quenched, un- 
tempered steel is heated rapidly, the original aus- 
tenite grain is restored, the heating rate required to 
restore the’grain being lower, the higher the chrom- 
ium content of the steel. 

When quenched and tempered steel is heated slow- 
ly, the original grain is again restored, the heat- 
ing rate required to restore the grain being lower, 
the higher the chromium content of the steel. 


Translated by E. Bishop 
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EFFECT OF STATIC DISTORTIONS OF THE CRYSTAL LATTICE ON THE MECHANICAL 
PROPERTIES OF ALUMINIUM-MAGNESIUM ALLOYS* 


II. RELATIONSHIP OF TOTAL AND UNIFORM STRAIN TO DEFORMATION TEMPERATURE 
AND SPEED 
A.V. GRIN’, V.A. PAVLOV and I.A. PERETURINA 
(Received 11 August 1956) 


The total and uniform strain of aluminium-magnesium alloys was investigated in the temperature 
range from 80 to 700°K, at strain rates varying over a range of 1000 times. 
It was shown that the static distortions of the crystal lattice, due to magnesium atoms, lower 


the ductility. 


The diffusion processes which take place under the influence of stresses, when the alloys are 
deformed, increase the ductility and complicate the relationship of the total and uniform strains to 


the temperature. 


In the previous part of this paper[1] a study was 
made, on aluminium-magnesium alloys, of the laws 
governing the change of elastic limit and ultimate 
tensile strength with temperature and speed of de- 
formation. It was shown that the static distortions 
of the crystal lattice, due to magnesium atoms, in- 
crease the elastic limit and ultimate tensile strength. 

Moreover, the diffusion processes which occur 
during deformation lead to non-monotonic variations 
of elastic limit with temperature and to anomalous 
variation with rate of strain. 

A study of the laws governing the change of uni- 
form and total elongation is valuable in elucidat- 
ing the problem of the effect of static distortions 
of the crystal lattice, due to magnesium atoms, on 
the process of failure. 

In previous works, one of the authors [2-6] has 
established that ductile fracture is the result of 
two processes which occur simultaneously: plastic 
deformation and rupture. The first of these proces- 
ses takes place under the influence of the shear 
stresses and produces crystal lattice distortions 
which favour the nucleation of micro-cracks at ten- 
sile stresses below the brittle strength of the un- 
deformed material. The second process takes place 
under the influence of the normal tensile stresses 
and culminates in the formation and propagation of 
rupture cracks. 

The process of preparing the material for failure 
commences at earlier stages of plastic deformation 
and takes place non-uniformly over the volume of 
deformed material. Micro-cracks form and propagate 
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gradually, and at the moment when uniform deform- 
ation comes to an end they attain such sizes and 
numbers that, under suitable deformation conditions, 
they may lead at once to failure without prior loca- 
lization of deformation at the point of failure. If the 
deformation conditions are unfavourable to the rapid 
development of the cracks which are forming, they 
first produce localization of the deformation, the 
subsequent development of which leads to failure. 
Thus, from this point of view, the end of uniform 
deformation and formation of a neck are regarded as 
the onset of failure in the material, and the develop- 
ment of the neck as a failure process accompanied 
by plastic deformation. 

There are other concepts of the causes of neck 
formation. According to these, necking is not relat- 
ed to processes taking place in the metal during de- 
formation, but is due solely to external causes. It 
is supposed that the neck appears as a result of the 
mechanical instability of the deformation, when the 
increment of true stress due to work-hardening be- 
comes less than the increment of stress due to the 
reduction of the test-piece cross-section. 

Study of the laws governing the change in total 
and uniform elongation in aluminium-magnesium 
alloys can give new data for elucidating the mecha- 
nism of ductile failure. 


EX PERIMENTAL RESULTS 


Without dwelling on the technique of preparing 
the alloys and making the tests [1], we shall mere- 
ly point out that, as in previous investigations [5], 
the value of uniform deformation was taken, for all 
the deformation conditions, from the stress-strain 
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FIG. 1. Relationship between temperature and uniform 
elongation at strain rate of 6.4 x 10° cm/sec: 

1 — pure aluminium; 

2 — aluminium with 0.02 per cent magnesium; 

3 — aluminium with 0.05 per cent magnesium; 

4 — aluminium with 0.1 per cent magnesium; 

5 — aluminium with 0.3 per cent magnesium; 

6 — aluminium with 0.5 per cent magnesium; 

7 — aluminium with 1.0 per cent magnesium. 


diagram, as that deformation which corresponds to 
the attainment of the maximum on the stress dia- 
gram. The tota] deformation was also taken from 
the stress-strain diagram. 

Figs. 1 and 2 show the relationships between tem- 
perature and the uniform and total elongation for 
pure aluminium and its alloys with magnesium. It 
can be seen from the figures that the relationship 
of uniform and total elongation to alloy composi- 
tion and deformation temperature is quite complicat- 
ed. The uniform deformation of pure aluminium falls 
gradually with increasing temperature, some slow- 
ing down in the rate of fall being observable in the 
range 300-500°K. For aluminium-magnesium alloys 
the variation of uniform elongation is more compli- 
cated. For alloys with low magnesium contents, 
there is a maximum in the uniform deformation in 
the temperature range 300-500%. The magnitude 


of this maximum gradually decreases with increas- 
ing content of magnesium in solid solution. At low 
strain rates, the maximum is more marked. This can 
be seen well in the 0.5 per cent magnesium alloy 
(Fig. 3). 

The change with temperature of total deformation, 
for pure aluminium and for its alloys with magnesium, 
is characterized by a maximum in the total elonga- 
tion in the temperature range around 500°K. This 
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FIG. 2. Relationship between temperature and total 
elongation at strain rate of 6.4 x 10° cm/sec: 

1 — pure aluminium; 

2 — aluminium with 0.02 per cent magnesium; 

3 — aluminium with 0.05 per cent magnesium; 

4 — aluminium with 0.1 per cent magnesium; 

5 — aluminium with 0.3 per cent magnesium; 

6 — aluminium with 0.5 per cent magnesium; 

7 — aluminium with 1.0 per cent magnesium. 


maximum is connected with the development of quasi- 
uniform deformation and is due to the interaction 
between the processes of plastic deformation and 
rupture respectively. As the strain rate increases, 
the maximum decreases. 


DISCUSSION OF RESULTS 


In considering the effect of static distortions of 
the crystal lattice on the plastic properties of al- 
loys, it is apparently necessary to take several 
factors into account. 

First, static distortions of the crystal lattice may 
lead to more uniform distribution of plastic deforma- 
tion over the volume of the crystals [9]. Thanks to 
this, the effective volume taking part in the deform- 
ation will be greater in alloys than in the pure metal. 
Increase in the effective volume taking part in the 
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FIG. 3. Relationship between temperature and uniform 
elongation, for the aluminium — 0.5 per cent magne- 
sium alloy, at strain rates of: 

1 — 2x 10° cm/sec; 

2 — 6.4.x 10° cm/sec; 

3 — 2x 10“ cm/sec. 
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FIG. 4. Relationship between temperature and total 
elongation, for the aluminium — 0.5 per cent magne- 
sium alloy, at strain rates of: 

1—2.x 10° cm/sec; 

2 —6.4x 10° cm/sec; 

3 — 2x 10“ cm/sec. 
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FIG. 5. Relationship of uniform elongation (2) 
and coefficient of work-hardening (1) 
to magnesium content of the solid 
solution at an extension 
temperature of 


— 196°C. 


deformation will lead to an increase in the plastici- 
ty of the alloy as against the pure metal. 

Secondly, static distortions of the crystal lattice 
promote the setting up, during plastic deformation, 
of considerably larger crystal lattice distortions 
(types II and III) than in the pure metal. The stresses 
producing deformation are considerably greater than 
in the pure metal. All these factors favour the onset 
of failure at’earlier stages of deformation, and con- 
sequently reduce the plasticity. 

Thirdly, the diffusion processes occurring during 
deformation lead to the relaxation of stresses and 
to a reduction in the degree of overstressing around 
non-uniformities, crystal lattice distortions and 
crack nuclei. Because of this, the rate of formation 
and propagation of cracks will decrease in the ter- 
perature range in which diffusion increases most 
rapidly. 

It is also possible to explain from this point of 
view the relationship between uniform elongation 
and strain rate. At low strain rates, the role of dif- 
fusion processes is evident to the greatest degree, 
and on the curves of uniform elongation against tem- 
perature the maximum is more clearly defined than 
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FIG. 6. Relationship of uniform elongation (1) and 

coefficient of work-hardening (2) to magnesium 

content of the solid solution at an extension tem- 
perature of + 20°C. 


at high strain rates. 
The interaction of these factors, apparently, will 


lead to a quite complicated relationship between 
the uniform and total elongation and the concentra- 
tion of the solid solution.Figs. 5 and 6 show the 
curves of uniform elongation against magnesium 
content at temperatures of deformation of — 196 and 
+ 20°C. On these curves it can be seen clearly that 
the coefficient of work-hardening increases through- 
out with increasing concentration of the solid solu- 
tion, whilst the uniform elongation varies in a more 
complicated manner. At the low deformation temp- 
erature, the uniform elongation falls rapidly with 
increasing magnesium content up to 0.1 per cent, 
and then rises. At room temperature, the uniform 
elongation increases at low magnesium contents, 
and decreases at high contents. 

This variation of the uniform elongation and coef- 
ficient of work-hardening indicates that the value 
of uniform deformation is closely bound up with the 
processes which are taking place in the metal dur- 
ing its deformation. If the value of the uniform de- 
formation, and consequently also the moment of 
necking, were determined solely by geometrical 
instability, the value of uniform deformation would 
of necessity vary in the same direction as the coef- 
ficient of work-hardening. The experimental data 
presented above do not agree with this hypothesis. 

Thus, it can be concluded that in the present 
case there is no direct relationship in the alloys 
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FIG. 7. Relationship of total elongation 
to magnesium content of the solid 
solution at a deformation 
temperature ot — 196°C. 


between the coefficient of work-hardening and the 
value of uniform deformation. The complex variation 
of uniform deformation with the alloy content, tem- 
perature and strain rate indicates that its variations 
are closely bound up with the processes taking place 
in the alloys during their deformation. 

Fig. 7 shows the variation of total elongation with 
solid solution concentration, when deformation is 
carried out at liquid nitrogen temperature. As the 
figure shows, the total elongation, like the uniform 
elongation, drops very sharply with the first small 
additions and reaches a minimum at magnesium con- 
tents of the order of 0.05 per cent. With further in- 
crease in the magnesium content the total elonga- 
tion increases. 


CONCLUSIONS 


1. In aluminium- magnesium alloys, which have 
a statically distorted crystal lattice, there is a com- 
plicated relationship between the total and uniform 
elongation and the temperature and rate of deforma- 
tion. 

2. The plastic properties of these alloys are in 
all probability determined by several simultaneously 
operating factors, namely: 

(a). More uniform distribution of plastic deforma- 
tion over the volume of the crystal, and increase in 
the volume effectively participating in the deforma- 
tion, promotes an increase in the plasticity of the 
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alloys. the increased resistance to deformation of the alloys, 
(b). The diffusion of atoms of the alloying ele- reduce their plasticity. 
ments under the influence of the stresses, which The interaction of these factors will clearly lead 
occurs during deformation and reduces the over- to quite a complicated relationship between the 
stressing peaks around the crystal lattice non- uniform and total elongation and the alloy composi- 
uniformities and around the micro-cracks, increases tion and deformation conditions. 
the plasticity of the alloys. 
(c). The increase in the magnitude of the type 


II and Il distortions during plastic deformation and Translated by E. Bishop 
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INTERNAL FRICTION PEAKS IN NICKEL-CHROMIUM BASE SOLID SOLUTIONS * 
YU.S. AVRAAMOV, L.N. BELYAKOV and B.G. LIVSHITS 
Moscow Institute of Steel 
(Received 22 October 1956) 


In a whole series of alloys (Ni-Cr, Fe-Al, Fe-Ni-Mo, etc) anomalous ageing processes are observed. 
They are such that, on tempering after quenching, all the physical properties, including hardness, are 
modified, although according to the equilibrium diagrams the alloys are single-phase. To study the pro- 
cess of anomalous ageing in Ni-Cr and Ni-Cr-Ti-Al alloys, amongst the simple techniques available, the 
method of measuring the variation of internal friction with temperature has been used. In the present 
work, experimental data on internal friction measurements are presented. 

In the Ni-Cr-Ti-Al alloy an internal friction peak was observed which is connected with the presence 


in the solid solution of titanium atoms. 


The structure-sensitive method of internal fric- 
tion in torsional oscillation has been widely used 
of recent years for the solution of various metallur- 
gical problems. All processes connected with chan- 
ges in the concentrations of solute atoms in solid 
solutions are normally accompanied by a peak in 
the curve of internal friction against temperature. 
Each element in a solid solution gives rise to a cor- 
responding peak on the curve. For example, this 
method can be successfully used to study the ini- 
tial stages of ageing, since the precipitation from 
the solid solution of a second phase leads to a re- 
duction in the alloy content of the solid solution 
and consequently to a reduction in the character- 
istic internal friction peak. The appearance of a 
peak in Q-' is connected with the fact that in the 
absence of externally applied stresses the atoms in 
a disordered solid solution of cubic structure are 
distributed isotropically. When tensile or compres- 
sive stresses are applied along some crystallogra- 
phic axis, preferred sites are necessarily formed to 
accomodate the interstitial atoms. Consequently, 
the number of interstitial atoms in these sites must 
increase in tension and decrease in compression. 
Such atomic migration leads to non-elastic relaxa- 
tion effects. At a certain ratio of the frequency of 
forced torsional oscillations to the relaxation time 
of the atoms with respect to the preferred sites in 
the crystal lattice, a peak is formed on the internal 
friction-temperature curve. The position of the peak 
on the internal friction-temperature curve can only 
be altered by a change in the frequency of the forced 
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vibrations, since the relaxation time is determined 
by the properties of the oscillating atom. The height 
of the peak is proportional to the amount of the com- 
ponent. 

Such are the theoretical bases for the internal 
friction of interstitial solid solutions [1,2]. The 
theory of the relaxation of substitutionally dissolv- 
ed atoms has been developed to a smaller extent, 
and there is only a limited amount of experimental 
evidence [3]. 

In the present research, an attempt was made to 
use the internal friction method to investigate the 
processes underlying anomalous ageing (the K con- 
dition) in Nichrome and Nimonic alloys, in which 
solutions of the substitutional type are formed. 

The alloys investigated had the following chemi- 
cal compositions: Nichrome (20 per cent Cr, 0.05 
per cent C, remainder Ni) and Nimonic (20 per cent 
Cr, 2.48 per cent Ti, 0.68 per cent Al, 0.03 per cent 
C, remainder Ni). The internal friction determina- 
tions were made by measuring the damping of tor- 
sional oscillations in the vacuum instrument made 
in the Physics Faculty of the Moscow Institute of 
Steel [4]. 

When curves were constructed of the internal 
friction of Nimonic alloy against temperature, two 
peaks were observed (Fig. 1): peak A at 150°C and 
peak E at 650—660°C. Peak E is apparently due to 
grain-boundary shear. As in known [5], with increas- 
ing grain size, the grain-boundary maximum must be 
displaced to higher temperatures and decrease in 
absolute magnitude. This law was satisfied in the 
present work. 

When the internal friction-temperature curves are 
inspected in more detail (Fig. 2) it can be seen that 
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FIG. 1. Effect of grain size on internal friction of 
Nimonic alloy. 
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FIG. 2. Effect of carbon content on internal friction of Nimonic alloy; 
I before carburizing, quenched after 9 hr at 110°C; 
II after carburizing, quenched after 5 hr at 110°C; 
III after ageing 8 hr at 800°C. 


peak A is composed as it were of two maxima, the The solid solution contains 20 per cent Cr, 2.5 
first at around 120°C and the second at around 180° per cent Ti, 0.6 per cent Al, 0.03 per cent C and 
C. It is necessary to find to what elements in solid remainder Ni, excluding other impurities the total 
solution peak A on the internal friction curve is due. content of which does not exceed 1.0 per cent. 
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FIG. 3. Effect of titanium content on internal friction of Nimonic alloy; 
I quenched after | hr at 1100°C, Ti content 2.45 per cent; 
II quenched after 6 hr at 1300°C, Ti content 1.55 per cent. 


Chromium, titanium and aluminium dissolve in the 
solid solution by substitution for nickel atoms, and 
carbon interstitially. 

Since peak A lies in a low temperature range, it 
was first supposed that it is connected with the pre- 
sence of carbon atoms in the solid solution. To cla- 
rify this, specimens of the alloy were carburized up 
to 1.97 per cent C, for the Nimonic alloy and 1.87 
per cent for the Nichrome alloy. Fig. 2 shows the 
results of internal friction measurements after car- 
burization. In the Nimonic alloy a carbon peak C is 
obtained at a temperature of 240°C and a frequency 
0.7 c/s whilst peak A is absent, since titan- 
ium (the presence of which in solid solution gives 
the relaxation maximum, according to our suggest- 
ion), is combined with the carbon in a carbide 
phase. 

In the Nichrome alloy, the carbon peak appears 
at 250°C at a frequency of 0.9 c/s. The energy 
of activation for carbon diffusion in the Nichrome 
alloy is estimated to be H = 23,500 + 2 500 cal/g 
atom. 

The data obtained agree well with those of Ke 
Ting-Sui [6,7] who found internal friction peaks at 
230°C in pure nickel containing carbon and at 280° 
C in an alloy containing Ni + 2 per cent Al + 0.5 
per cent C, at frequencies of the same order (0.5 — 
0.8 c/s). Of the existence of a second intemal 
friction peak, which the author would relate to the 
presence of aluminium in the alloy, the paper makes 
no mention. 

Thus peak A disappears on carburizing. After 
ageing the carburized Nimonic alloy for 8 hr at 


800°C, the carbon peak is not observed (Fig. 2, 
curve III). To confirm that peak A is not connected 
with the presence of interstitial atoms in the Nimo- 
nic alloy, the carburized alloy was subjected to a 
refining anneal in moist hydrogen for 6 hr at 1150° 
C. This treatment brought the carbon content back 
to 0.06 per cent. Peak A was again clearly observ- 
able after this treatment. 

From the results obtained it follows: 

(1) that peak A is not connected with the presen- 
ce of carbon atoms in solid solution; 

(2) that peak A is due to a carbide-forming ele- 
ment. Apparently the element, with which the forma- 
tion of peak A on the curve is connected, was com- 
bined in a carbide-phase on carburizing the alloy. 
Consequently, the presence of peak A may be due to 
the presence in solid solution of substitutional 
atoms. 

Chromium, titanium and aluminium atoms enter in- 
to the solid solution substitutionally. Titanium and 
aluminium have atomic diameters differing sharply 
from the atomic diameter of nickel. The difference 
is 19 per cent in the case of titanium and 12.5 per 
cent in the case of aluminium. It is known [3], that 
in a — brass there occurs a marked peak in internal 
friction at 10 per cent zinc, the difference in atomic 
diameters between zinc and copper being 7.7 per 
cent. Thus, an internal friction peak can be expect- 
ed to occur in Nimonic alloy, due to the presence 
of titanium in solid solution. No peak is associated 
with the presence of Al, since its content in the 
alloy is very small (0.6 per cent). The difference in 
atomic diameters between chromium and nickel is 
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FIG. 4. Effect of heat treatment on internal friction in Nimonic alloy; 
(a) 1 quenched after 9 hr at 1100°C; 


Il quenched after 9 hr at 1100°C and tempered 20 hr at 520°C; 


III quenched after 9 hr at 1100°C and tempered 8 hr at 575°C; 


(b) I quenched after 9 hr at 1100°C; 
II quenched after 9 hr at 1100°C and aged 42 hr at 800°C; 
III quenched after 9 hr at 1100°C, aged 42 hr at 800°C, and 


tempered 20 hr at 500°C. 


not large (3.3 per cent), and it is difficult to fore- 
see any significant relaxation effects in nickel- 
base solid solutions due to the presence of chrom- 
ium. Temperature - internal friction measurements 
on Nichrome alloy (20 per cent Cr) indicated that 
at 100°C there is a peak on the curve, but its mag- 
nitude is too small (and is within the limits of ex- 
perimental error). This confirms that the presence 
of peak A on the internal friction curve of Nimonic 
alloy cannot be explained by the presence of chro- 
mium in the solid solution. This again confirms 
that peak A is associated with the presence of the 
carbide-forming element titanium. 

It is known that deformation also produces char- 
acteristic peaks. Measurements of the internal fric- 
tion of Nimonic alloy deformed by drawing to 80 per 
cent reduction indicated that a peak occurs on the 


internal friction-temperature curve at 190°C, which 
may be due to the presence of slip bands in the de- 
formed alloy. Deformed test-pieces do not give the 
190°C peak after annealing for one hr at 1100°C, 
whereas peak A remains. It follows from this that 
peak A is not connected with strains. 

There remains the hypothesis that peak A is as- 
sociated with the presence of titanium in solid sol- 
ution. This is confirmed again by a high tempera- 
ture oxidizing, annealing treatment of the alloy 
carried out for 6 hr at 1300°C. Analysis of the spe- 
cimens after the annealing showed that the chromi- 
um content had changed only from 19 to 17 per cent 
(i.e. by 12 per cent of the final content), whereas 
the titanium content had changed from 2.45 to 1.55 
per cent) i.e. by 50 per cent of the final content). 
Measurements of Q-* showed that the internal 
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friction peak was thereby almost halved and reduced 
in width (Fig. 3). This is evidence for the hypothe- 
sis that peak A is connected with the presence of 
titanium atoms in solid solution. The titanium maxi- 
mum changes as a result of heat treatment (Fig. 4). 
Thus an additional 20 hr of tempering at 520°C 

after quenching from 1100°C greatly reduces the 
magnitude of peak A (Fig. 4a), whilst an 8 hr tem- 
per at 575°C completely eliminates it. The formation 
of the K-condition in the alloy is attributed to a 
combination of the titanium in stable complexes 
(quasi-chemical compounds) within the solid solu- 
tion. Therefore, the titanium does not take part in 
the relaxation processes, and we do not observe 
peak A. The formation of the K- condition is a dif- 
fusion process. As is known, the speed of a slug- 
gish diffusion process depends on the temperature 
and time of holding. Thus, 20 hr of holding at 520°C 
does not lead to complete formation of the K-con- 
dition, i.e. part of the titanium remains free and 
peak A is not entirely eliminated (Fig. 4a, curve 

II). On the other hand, at 575°C, 8 hr suffices to 
complete the formation of the K-condition, and we 
observe the disappearance of peak A (Fig. 4a, curve 
III). This agrees with the results of electrical 


resistivity measurements after similar tempers. 

Ageing for 42 hr at 800°C, which leads to the 
precipitation from the solid solution of a’— phase, 
does not remove peak A, as can be seen (Fig. 4b, 
curve II). Thus, after a’— phase precipitation, part 
of the titanium remains in solid solution and pro- 
duces a relaxation maximum. However, an addition- 
al 20 hr anneal at 500°C almost completely elimina- 
tes peak A; this is also associated with the forma- 
tion of the K-condition in the a’ solid solution. All 
these results are confirmed by those obtained from 
measurements of specific heat, electrical resistivi- 
ty, and hardness, and from microstructural examina- 
tion and dilatometric analysis [8]. One very interes- 
ting experimental fact remains unexplained, namely 
the splitting of the maximum of peak A on the inter- 
nal friction curve (Fig. 2). Possibly, titanium forms 
two types of segregate with different relaxation me- 
chanisms and periods. 

Thus, the internal friction peak can be used to 
analyse transformations in substitutional solid so- 
lutions, even at low concentrations of the solute 
component. 


Translated by E. Bishop 
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THE STUDY OF DEFECTS IN CRYSTAL LATTICES USING INTERNAL FRICTION * 
V. A. PAVLOV 
Institute of Metal Physics Urals Filial, Academy of Sciences, SSSR 
(Received 26 July 1956) 


The internal friction of pure aluminium and an alloy of aluminium with 3 per cent magnesium has 
been studied in the low temperature range. Two internal friction peaks were observed at temperatures 
of — 50 to — 80°C and — 170 to — 180°C respectively, together with an increase in internal friction in 
the region of — 196°C. The energy of activation of the processes responsible for the internal friction 
peaks are 0.5 and 0.14 eV respectively, and for the increase in internal friction about 0.05 eV. 


Study of the laws governing the formation and 
movement of defects in crystal lattices (vacancies, 
interstitial atoms, dislocations) is very valuable in 
understanding many of the processes which take 
place in solid substances. The most widely used, 
and possibly the only method of observing increases 
in the concentration of vacancies is by measuring 
the residual electrical resistivity. It has been pos- 
sible by means of electrical resistivity determina- 
tions to obtain very interesting insights into the 
formation of vacancies during heating [1], during the 
neutron bombardment of metals and alloys, and dur- 
ing plastic deformation, and into their disappear- 
ance during relaxation [14]. However, even this 
technique has a number of deficiencies which limit 
its abilities. 

There have recently been initiated energetic sear- 
ches for new methods of studying structural defects 
in crystal lattices.X -ray methods are being deve- 
loped for the detection of sub-microscopic cracks in 
crystals [2]. Experimental and theoretical studies are 
in progress on the application of the internal fric- 
tion technique to the study of the movement of dis- 
locations [3 to 11]. 

The present research was carried out with the 
aim of observing the internal friction peaks due to 
the diffusion of vacancies and interstitial atoms. It 
has already been suggested in the literature that 
internal friction peaks may exist which are associa- 
ted with the migration of vacancies and a mecha- 
nism has been put forward for the diffusion of pairs 
of vacancies under the influence of external stres- 
ses [12]. Since these crystal lattice defects are 
quite mobile, it was to be expected that the internal 
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friction peaks would be situated in the low tempe- 
rature region. 


EXPERIMENTAL PROCEDURE 


To carry out the investigation, a cryostat was 
made, in the form of a thick-walled copper tube, 600 
mm long and 35 mm internal diameter, with a longi- 
tudinal slit 5 mm wide down one side. A spiral coil 
of copper tube was brazed to the outer wall to carry 
liquid nitrogen. The tube and coil were mounted in 
a casing filled with insulating material. 

The specimen was suspended on thin wires inside 
the cryostat and wires were passed out through the 
slit in the tube, to the equipment producing and de- 
tecting the oscillations. 

Internal friction measurments were made under 
transverse oscillation at frequencies of 1200-1300 
c/s, using equipment described previously. [13] 

The temperature was measured by the potentio- 
metric method, using three thermocouples, the junc- 
tions of which were placed in drilled holes at the 
ends and middle of the control specimen. The latter 
was made of the same material as the test speci- 
men, had the same geometrical dimensions and was 
placed alongside the test specimen. The uniformi- 
ty of temperature distribution along the specimen 
was maintained within 1°C during all the tests. 

Internal friction measurements were made whilst 
the specimen was slowly cooling or warming up after 
first being cooled to the temperature of liquid nitro- 
gen. 

The specimens were in the form of circular rods, 
200 mm long and 11 mm in diameter. 

Tests were made on pure aluminium type AV000 
and on an aluminium —3 per cent magnesium 
alloy. 


Defects in crystal lattices using internal friction 
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FIG. 1. Internal friction — temperature relationship: 
1 — pure aluminium; 
2 — aluminium —3 per cent magnesium. 
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FIG. 2. Internal friction — temperature relationship: 
1 — pure aluminium; 
2 — aluminium —3 per cent magnesium. 


RESULTS OBTAINED internal friction increases, indicating the possible 


existence of internal friction peaks below — 196°C 
(Figs. 1, 2). The position of the internal friction 
peak at —170 to — 180°C agrees well with previous- 


In the range between room and liquid nitrogen 
temperature, two internal friction peaks are set up, 


at —50 to — 80°C and —170 to — 180°C respectively. 


As liquid nitrogen temperature is approached, the 


ly published data [4]. The internal friction peak in 
the temperature range —50 to — 80°C and the rise in 
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FIG. 3. Pure aluminium. 


internal friction as liquid nitrogen temperature is 
approached were observed here for the first time. 
As can be seen from Figs. | and 2, the internal 
friction peaks for pure aluminium and for the alloy 
are situated in one and the same temperature ran- 
ges, but the height of the peak at —170 to —180°C 
and the value of internal friction in the liquid ni- 
trogen temperature range are considerably greater 
for the aluminium —3 per cent magnesium alloy than 
for pure aluminium. 

From the measurements made it is possible to de- 
termine the energy of activation of the processes 
giving rise to the internal friction peaks. Figs. 3 
and 4 show the internal friction curves in the co- 
ordinates log Q-! against 1/7, corrected for back- 
ground. The energies of activation can be comput- 
ed from these curves in the normal way. For the 
—50 to —80°C internal friction peak the energy of 
activation is 11,400 cal/mole, or roughly 0.5 eV. 
For the —170 to —180°C internal friction peak the 
activation energy found is 3,200 cal/mole or about 
0.14 eV. The energy of activation corresponding to 
the rise in internal friction in the region of —196°C 
is about 0.05 eV. 

The internal friction peak at —170 to — 180°C, 
which has been observed in a number of metals, is 
normally attributed to the movement of dislocations, 
on the grounds that its magnitude increases with 
increasing degree of strain of the metal [4,5]. The 
results obtained in the present work indicate that 
the internal friction peaks at —50 to 80°C and at 
—170 to —180°C cannot easily be explained by the 
migration of dislocations, since there is a quite 
marked correlation between the height of the peaks 
and the temperature of prior tempering. 


Temperature °C 
175 


FIG. 4. Aluminium —3 per cent magnesium alloy. 


Attention is drawn to the fact that the values 
obtained for the energies of activation agree in ma- 
gnitude with the activation energies obtained when 
the metals relax following neutron irradiation or low 
temperature plastic deformation. These relaxation 
processes are usually associated with the move- 
ment of single and paired vacancies or groups of in- 
terstitial atoms — Frenkel’s “caterpillars.” [16] 

The relaxation processes in aluminium after neu- 
tron irradiation have not yet been studied adequate- 
ly. Reynolds and co-workers [15] studied the relax- 
ation of aluminium by investigating the changes in 
electrical resistivity and critical shear stress after 
low-temperature neutron bombardment. Rapid relax- 
ation was observed between — 80 and 20°C, with an 
activation energy of 0.55 eV. This value of activa- 
tion energy agrees well with that obtained in the pre- 
sent investigation for the internal friction peak at a 
temperature of —50 to —80°C. A paper was publish- 
ed recently, in which a study was made of the dif- 
fusion processes of crystal lattice defects due to 
plastic deformation of pure aluminium at liquid air 
temperature [17]. The activation energy of diffusion 
in this case was found to be about 0.1 eV. This va- 
lue agrees satisfactorily with the activation energy 
obtained for the internal friction peak at —170 to 
— 180°C. Finally, Haasen and Kelly [18] investiga- 
ted the diffusion processes during the deformation 
of aluminium at liquid hydrogen temperature. These 
authors concluded that the activation energy for dif- 
fusion at this temperature must be less than 0.1 eV. 

Investigations of relaxation after low-temperature 
neutron bombardment, which have been carried out 
in most detail on copper, make it possible to clas- 
sify crystal lattice defects in copper into three 
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1 — annealed 3 hr at 150°C, measured | day after annealing; 

2 — annealed 3 hr at 150°C, measured 6 days after annealing; 

3 — annealed 3 hr at 150°C, measured 17 days after annealing; 

4 — annealed by slow heating, over 48 hr to 150°C, measured 
2 days after annealing. 
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1 — annealed 3 hr at 150°C, measured 1 day after annealing; 

2 — annealed 3 hr at 150°C, measured 6 days after annealing; 

3 — annealed 3 hr at 150°C, measured 17 days after annealing; 

4 — annealed by slow heating, over 48 hr to 150°C, measured 
2 days after annealing. 


basic groups, according to their mobility: single friction peak at —170 to —180°C by the diffusion 
vacancies, with an activation energy of 0.7 to 1.2 of groups of vacancies and the internal friction in 
eV; groups of vacancies, with an activation energy the region of —196°C by the diffusion of interstitial 
of 0.2 to 0.5 eV; and interstitial atoms, or “cater- atoms or “caterpillars.” 

pillars”, with an activation energy of 0.1 to 0.2 eV This explanation of the origin of the observed 
[14]. internal friction peaks is confirmed by investiga- 

If we accept this classification of crystal lattice tions of the relationship between the peaks and the 
defects according to mobility, it is possible to ex- prior treatment of the material. These investigations 
plain the internal friction peak at —50 to — 80°C by were carried out on pure aluminium. Figs. 5 and 6 
the diffusion of single vacancies, the internal show internal friction curves for pure aluminium 
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heated by various methods prior to measuring the 
internal friction. 

As a result of annealing for three hours at 150°C, 
there is quite a marked increase in the height of the 
internal friction peak at —50 to — 80°C and a cons- 
iderably smaller increase in the peak at —170 to 
— 180°C (Figs. 5 and 6, curves 1). This indicates 
that during annealing single vacancies are formed 
first, whilst the number of groups of vacancies in- 
creases slightly. 

If the same specimen is held, after annealing, for 
6 days at room temperature, there is a reduction in 
the height of the first peak and an increase in the 
height of the second peak (Figs. 5, 6, curves 2). 
After 17 days ageing at room temperature both inter- 
nal friction peaks take up values near the room tem- 


perature equilibrium (Figs. 5 and 6, curves 3). Thus, 


at room temperature, the single vacancies undergo 
processes of elimination and coagulation, with co- 
agulation processes predominating in the early 
stages. 

If a pure aluminium specimen is slowly heated to 
150°C, by gradually raising its temperature over a 
period of about 48 hr, the internal friction peak at 
—170 to 180°C increases markedly, whilst the 
height of the —50 to — 80°C peak remains practical- 
ly unchanged (Figs. 5, 6, curves 4). Consequently, 
with this form of heating all the single vacancies 
succeed in coagulating to form pairs or possibly 
more complicated groupings. 

The investigations carried out do not support any 
conclusions regarding the effect of heat treatment 
on internal friction at the — 196°C temperature. 


It should be pointed out that the total number of 
defects in aluminium-magnesium alloy is greater 
than in pure aluminium. 


CONCLUSIONS 


1. As a result of investigations carried out on 
the internal friction of aluminium and an aluminium— 
3 per cent magnesium alloy at low temperatures, 
internal friction maxima were found at —50 to — 80° 
C, together with an increase in internal friction in 
the region of — 196°C. 

2. The activation energies of the processes res- 
ponsible for the peaks and the increase in internal 
friction are 0.5, 0.14 and 0.05 eV respectively. 

3. The first and second internal friction peaks 
increase when the specimens are annealed in the 
high temperature range and decrease during room 
temperature ageing. 

4. The occurrence of the internal friction peaks 
can be explained by the diffusion of crystal lattice 
defects; the —50 to — 80°C peak by the diffusion 
of single vacancies, the —170 to —180°C peak by 
the diffusion of groups of vacancies, and the in- 
crease in internal friction at —196°C by the diffus- 
ion of interstitial atoms or some other type of mob- 
ile defect. 


Translated by E. Bishop 
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DISTRIBUTION OF PLASTIC DEFORMATION IN POLYCRYSTALLINE METALS* 
P.O. PASHKOV and V.A. BRATYKHINA 
(Received 10 July 1956) 


In a preceding paper it was noted that the plastic deformation in technical coarse-grained iron is 


non-uniformly distributed, with a decided quasi-periodicity in the magnitude of deformation. The pres- 
ent paper presents the results of a further study of this quasi-periodicity in the distribution of residu- 


al deformation. 


The main experiments were carried out by stret- 
ching various structural plain and alloy steels 
(Table 1) in the region of uniform plastic deforma- 
tion (to necking). 

The maximum relative elongations were 0.14. In 
some cases, tests were carried out both at room 
temperature and that of liquid nitrogen (— 196°C). 

After heat treatment, about 2 mm wide flats were 
machined on both sides of the specimens (cylindri- 
cal, five, diameter 5 mm). One of the flats was po- 
lished by the usual methods to a mirror finish for a 
microsection surface. The specimens became flat, 
but with a thickness/width ratio close to unity 
(0.8- 0.9). On the polished surface along the axis 
of the specimens, microhardness indentations (10 g 
load) were made with a PMT -3 apparatus, distance 
between the indentations 0.05 mm. 

The distance between the indentations was mea- 
sured with an ocular micrometer from the same ap- 
paratus. The measurement was made before and 
after deformation. The relative elongation ey = A 
l/l was calculated for each portion. 

As an example, we show in Fig. 1 the change in 
longitudinal deformation (axial) of a specimen of 
technical iron after deformation at room temperature 
(Fig. la), and in liquid nitrogen (Fig. 1b). Other 
materials gave similar results; the conclusions 
which are obvious from Fig. 1 also apply to them 
completely. On Fig. 1 we have also plotted lines of 
average deformation, on which each point corres- 
ponds to an average of 10 separations between the 
indentations, i.e. to an elongation measured on a 
base of approximately 0.5 mm. The accuracy of mea- 
surement was high, because of the considerable 
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MATERIALS USED AND EXPERIMENTAL RESULTS 


extent of the portion measured compared with the 
size of microhardness indentation, especially at 
small loads. The error in the measurement did not 
exceed + 0.1 per cent deformation. 

From the results it is evident that there is a 
quasi-periodicity in the distribution of longitudinal 
deformation along the ruptured length (gauge length) 
of the specimen. It is detected if the distance bet- 
ween the indentations is small and is not detected 
if the length of the portion on which local deforma- 
tion is measured approaches 0.5 mm. On a speci- 
men tested at liquid nitrogen temperature, the uni- 
form elongation is also sharply reduced close to the 
clamping heads, which causes pronounced localiza- 
tion of deformation. In length of the “wave” (aver- 
age length occupied by one “period” of deformation 
change) the low temperature deformation does not 
differ from that at room temperature. 

The amplitude of the fluctuation in the period or 
the difference between the greatest and least defor- 
mations in one period depends directly on the aver- 
age deformation of the specimen. Fig. 2 shows cor- 
responding data for average amplitudes for Armco 
iron. It is evident from this that the average differ- 
ence between the greatest and least deformations in 
the period up to a total elongation of 0.14 increases 
proportionately to the average elongation. Test 
results at low temperature showed great scatter, 
which accords with Chechulins [2] conclusions about 
the statistics of distribution of deformation in a de- 
formed specimen. 

Unlike the amplitude, the wavelength of the defor- 
mation (Fig. 1) does not depend on the average de- 
formation. Obviously, the wavelength can be deter- 
mined by differences in the structural state. Table 
2 presents information about the average period for 
some of the materials tested. 
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Plastic deformation in polycrystalline metals 


TABLE 1. Characteristics of steels investigated 


Metal 


Heat treatment 


Test temperature, °C 


Technical iron, 0.04 % C 


Plain steel, St. 30. 
(nominal 0.30 % C) 


Low carbon alloy steel, 
NL-2 


Medium carbon alloy 


Quenched from 915°C in water, 
tempered at 670°C, water 
quenched (WQ) 


Annealed at 915°C, slow 
cooling 


Oil quenched from 875°C, 
tempered at 650°C, WQ 


WQ from 900°C, tempered at 
650°C, WQ 


Oil quenched from 850°C, 


+ 20, — 196 


+ 20, — 196 


+ 20, — 196 


+ 20, — 196 


steel, 30 KhN3A 


18/24 stainless steel 
in air 


tempered at 650°C, WQ 


Heating to 1200°C, cooling 


+ 20, — 196 


+ 20 


TABLE 2. Average wavelengths of longitudinal deformation in various steels 


Metal Structure 


Average wavelength, mm 


+ 20 — 196 


Technical iron 
0.02- 0.03 mm 


St. 30 Temper sorbite 
NL-2 Temper sorbite 


30 KhN3A Temper sorbite 


Polyhedric, grain size 


0.17 0.21 


0.17 
0.15 


0.19 


From these figures we can conclude that lower 
ing the test temperature also does not affect the 
“period” in the deformation distribution. The steels 
studied show approximately identical quasi-periodi- 
city characteristics. 

The irregular deformation and the characteristics 
of its periodicity (amplitude, wavelength) depend 
very much on the length of the base on which mea- 
surements of local deformation are made. On speci- 
mens of Armco iron, measurements were made not 
only on hardness identations 0.05 mm apart, but 
also on a smaller base, from the elongation of in- 
dividual grains disposed alongside lines of hard- 


ness indentations. For this, on a 2 mm length of a 
specimen, the grains along a line of indentations 
were photographed with a metallurgical microscope, 
before and after deformation. The average grain 
size was 0.02-0.03 mm, i.e. about 1/2-1/3 of the 
space between the indentations. (The possible er- 
ror in the measurement of grain deformation from 
the photographs is + 1.5 per cent deformation, i.e. 
about 10 per cent of the magnitude measured.) 

Here again deformation was found to be periodic, 
but the maximum deformation in the period was high- 
er than that found in measurements on a 0.05 mm 
base, the minimum deformations being smaller, i.e. 
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Longitudinal deformation. % 


Distance, mm 


FIG. 1. Change in longitudinal deformation of technical 

iron specimens at room temperature and at liquid nitro- 

gen temperature. The broken line shows the mean de- 
formation (from ten measurements). 


BAD 


in period, % 


NE 


Mean amplitude of deformation 


024 6 8 10 12 14 16 
Mean deformation of specimen, % 


FIG. 2. Dependence of the mean amplitude of 
deformation fluctuation in the 
period on the average 
deformation. Technical iron. 


FIG. 3. Distribution of maximum shear on surfaces of elongated 

specimen of technical iron. The white areas indicate shear 

between 0.00 and 0.17, the single hatched areas those with 

shear between 0.18 and 0.24, the double hatched those with a 
shear between 0.25 and 0.46. 


the amplitude was higher (Table 3). 

Consequently, when measurements of the deform- 
ations are made over smaller lengths, the distribu- 
tion of deformation is bound to be even more non- 
uniform. It is obvious that more refined measure- 
ments and allowance for the irregularity of deforma- 
tion within single grains (1,3,4) would emphasize 
still more strongly this irregularity as a character- 


istic of the deformed state of the metal. 

For a further study of the periodicity of distribu- 
tion of deformation, we studied the typography of 
the distribution of plastic deformation on fairly 
large areas of microsections of specimens of tech- 
nical iron and stainless austenitic steel. Photo- 
graphs were made with a metallurgical microscope 
on each area selected, along the length of the 
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Plastic deformation in polycrystalline metals 


TABLE 3. Periodicity of deformation distribution as a function of the measurement basis 
(Armco iron, average values) 


Base of measurement, mm 


Item 


0.05 


0.01 — 0.03 


Maximum relative elongation 
in period, % 


Minimum ditto 


Amplitude of variation of 
deformation in period,% 


15.7 


0.7 


15.0 


TABLE 4. Distribution of grains of deformed polycrystalline iron in terms of the ratio of the 
principal deformations (in the plane of the microsection) 


Technical iron 
(experiment I) 


Technical iron 
(experiment II) 


Austenitic steel 


€min/emax 
No. of grains No. 
| 


of grains 


No. of grains % 


0—0.19 
0,20—0.39 
0,40—0.59 


106 
136 
63 


393 
250 
137 


Total 


305 


780 


specimen. The network of grain boundaries was 
transferred to tracing paper. From the photographs, 
the longitudinal and transverse deformations for 
each grain were determined by direct measurements 
of grain size before and after deformation. From 

this information, the maximum shear was calculated 
as the algebraic difference of longitudinal and trans- 
verse main elongations. 

Fig. 3 shows a picture of the distribution of max- 
imum shear q on the surface of an elongated speci- 
men of technical iron obtained thus. The zones of 
greatest shear (0.25- 0.46) are shown double hat- 
ched. The zones of small deformation (shear from 
0.002 to 0.17) have been left white. 

The zones of medium deformation are shown in 


single hatching. 
ie specimen of austenitic steel gave the same 


pattern of deformation distribution as in Fig. 3. 


Hence, the type of crystal lattice does not affect 
the deformation irregularity. From Fig. 3 it is evi- 
dent that the periodicity in plastic deformation dis- 
tribution consists in an alternation on the surface 
of the specimen of groups of grains strongly deform- 
ed with groups which are weakly deformed. 

Since [1,2] the irregularity of plastic deformation 
persists throughout the whole volume of the body de- 
formed, it can be concluded that zones of local de- 
formation are groups of more uniformly deformed 
grains. These groups may embrace hundreds and 
even thousands of grains. The statistical regularity 
in alternation of the groups also determined the ob- 
served periodicity in the distribution of deformation 
in the polycrystalline metal. In any direction on the 


surface of the specimen (Fig. 3), it will be found 
that the deformation is always periodic. 
The large numbers of grains involved in these 
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studies permits a statistical analysis of the deform- 
ed state of a grain. Of interest is the distribution 
of the ratio between the minimum and maximum prin- 
cipal elongation €mjn and emax (in the plane of the 
microsectional). The results are in Table 4. 

It can be seen from this Table that both for iron 
with a face centred cubic lattice and for y-iron, 
about 50 per cent of the grains have a ratio of tran- 
sverse to longitudinal deformation approximately 
zero, only 17-24 per cent of the grains are deform- 
ed with €min/emax = 0.5, natural for uniaxial elon- 
gation. This means that the grains of the polycrys- 
tal have a decided tendency to deform two-dimensi- 
onally (one of the principal elongations is close to 
zero), that is, by the type which is usual for single 
crystals. This clearly shows the complication of 
plastic flow in polycrystalline metals, since the 
average transverse deformation (arithmetic mean of 
all values) is approximately half the average longi- 
tudinal deformation, as it should be for uniaxial 
elongation (0.5 €jong for iron and 0.41 elong for aus- 
tenitic steel, the specimens of which accidentally 
had a more elongated cross-section). 

This evidently explains the relief which appears 
on a polished surface of the deformed specimen, 
visible even to the unaided eye. 


DISCUSSION OF RESULTS 


The above observations together with those made 
earlier [1] show the complicated plastic state of a 
polycrystal. They confirm the conclusions about the 
impossibility of accurately assessing plastic flow 
of polycrystals merely from a knowledge, however 
deep, of the mechanism of deformation of separate 
crystals. This is particularly clear in the irregular- 
ity of deformation field observed in the polycrystal.- 

We have made a detailed study of the periodicity 
in plastic deformation. We have shown that in vari- 
ous (very commonly used) materials, this periodi- 
city is the result of a succession of volumes of the 
metal strongly deformed with volumes weakly defor- 
med or not deformed at all. It has been shown [1, 

2] that this deformational irregularity persists 
throughout the whole volume deformed, and does not 
appear merely on the surface. 

We can assess the order of magnitude of these 
volumes from our measurements: they consist of 
hundreds or thousands of grains. Consequently their 
dimensions (0.3-0.4 mm in cross-section) are ten to 
a hundred times the grain dimensions. 

Steel with a sorbitic structure has a finer grain 
than ferritic. However, judging by the results in [5], 
it is evident that the appearance of periodicity in the 
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former steel is associated with the dimensions of the 
coarser original austenite grains and not with the fer- 
rite grains. The ratio between the dimensions of the 
irregularly deformed groups of grains and the dimens- 
sions of the original grains would be about the same 


as in Table 2. 


The presence in all the steels investigated of ir- 
regularly deformed areas ten to a hundred times the 
dimensions of the individual grains suggested that 
it may be necessary to re-examine the classification 
of internal stresses, proposed by Davidenkov [6] 
which is widely used. Apart from first-order stres- 
ses, by definition cancelling out in volumes commen- 
surate with the dimensions of the body, and second- 
order stresses, cancelling out in volumes commens- 
urate with the size of grains, there is evidently an 
intermediate form of internal stresses, at any rate 
in the plastic deformation of a polycrystalline met- 
al. These should balance out in volumes of 10-100 
times the grain dimensions. 

The irregularity in the distribution of deformation 
on the surface of a body should be of great import- 
ance in the study of many problems of corrosion, 
and generally of the effect of the external medium 
on the strength of a body. Many machine compon- 
ents exposed to strong attack by corrosive media, 
are made by cold working (for example ships’ 
plates, cold bent tubes, and stainless steel sheets 
for heat installations etc.). There is no doubt that 
this periodicity in the distribution of deformation 
and the resulting internal stresses will greatly re- 
duce the resistance of the metal to localized cor- 
rosion or local destruction. Indeed, cases of spon- 
taneous failure of cold worked parts under corrosive 
conditions are frequently observed. 

The observed periodicity in deformation is a na- 
tural consequence of a general irregularity of de- 
formation, and is connected with the structural pa- 
rameters of the metal, which should appear in the 
correlation function describing deformation. These 
correlations deserve further study. 


SUMMARY 


1. In a series of very commonly used structural 
steels, the periodicity in the distribution of plastic 
deformation in the deformed polycrystal has been 
studied. It is shown that this is a natural conse- 
quence of a general irregularity in deformation of 
grains of a polycrystalline metal. 

2. It has been found that the deformation in a 
specimen of steel consists in an alternation of 
strongly and weakly deformed regions, whose dim- 
ensions are ten to a hundred times the grain dim- 
ensions of the metal. 
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greatly affect corrosion and failure under the action 
of the ambient medium. 


3. It is shown that such an irregularity in defor- 
mation may produce internal stresses which are 
balanced out in larger volumes than second-order 


stresses. 
4. It is suggested that these phenomena should Translated by R.C. Murray 
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ON PLASTIC DEFORMATION * 
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In the previous work [1] the mechanism of intermittent plastic deformation under uniform elonga- 


tion of zinc-aluminium alloy was described. It was shown that the plastic deformation consists of se- 
parate jumps and in the intervals between the jumps the specimen undergoes only elastic tension. The 
existence of intermittent plastic deformation was experimentally discovered in that stage of the elon- 
gation process which is represented by the straight ascending parts of the usual stress-strain curve, 
that is, for tensions substantially less than yield point. 

The results obtained were explained as due to the interaction of the process of phase disruption 
and that of plastic deformation under the assumption that the critical value of resistance to plastic 
deformation of aged alloys is being overcome by total stress: stress due to the effect of external 
load and stress arising from precipitation of a new phase. 

The investigation of the fine structure of the part of the load-elongation curve beyond the ulti- 
mate tensile strength may supply additional evidence on the mechanism of plastic deformation of 


aged alloys. 


In this report data are submitted on the intermittent plastic deformation under non-uniform 


RESULTS OF OBSERVATION 


The load-elongation curves of the specimens of 
zinc-aluminium alloys (20 % Al) were investigated, 
both in the hardened and aged states, obtained at 
the same temperatures and deformation rates (2.10~ 
and 2.10~? cm/sec) as in the previous work [1]. 

As was earlier shown [2], the rectilinear ascend- 
ing part of the load-elongation curve is either not 
recorded at all or marked by a small number of 
points, slightly blackened, when the intensity of 
the light spot (used for recording) is very weak. In 
this case at the part of the curve beyond the tensile 
strength the fine structure of the curve is distinct- 
ly recorded. 

Examination of the intensity of blackening of the 
load-elongation curves under a microscope indicates 
that the dents in the part of the curve beyond the 
tensile strength are, in the majority of cases, of 
very complex character. In Fig. 1 a photograph is 
given of two load-elongation curves obtained in 
stretching hardened specimens. It can be seen from 
this diagram that every dent consists of a number 
of individual points — jumps — distributed along it 


* Fiz. metal. metalloved. 6, No. 1, 135-140, 1958. 


elongation, that is, from the time of neck formation. 


now at the ascending, now at the descending part. 
The descending parts of the dents are more gently 
sloped than the ascending parts. Below we shall 
refer to the commonly observed jumps as “simple 
dents”, and to the dents consisting of a number 

of separate jumps as “complex dents”. The decrease 
of the load at the end of the load-elongation curve 

is also intermittent and only at the very end of the 
curve do the jumps become slightly noticeable. 

Experiments show that the number of jumps in- 
creases with rise of temperature of testing the hard- 
ened specimens and reaches a maximum value at 
200- 250°C. A further rise of temperature leads to 
the decrease of the number of jumps. With an in- 
crease of the rate of deformation, the number of 
jumps in a temperature interval of 0- 250°C is a 
little less in comparison to that with a lower rate 
of deformation, and increases above the temperature 
of solution of the precipitated phase (275°C). 

The load-elongation curves photographed for spe- 
cimens in an aged state also have an intermittent 
character but with an appreciably smaller number of 
jumps undergone. 

In Fig. 2 curves are plotted illustrating the total 
elongation as a function of temperature of testing 
the specimens in the hardened and aged states. It 
can be seen from Fig. 2 that the elongation for the 
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FIG. 1. Load-elongation curves of hardened specimens at 100°C. 
Rate of deformation 2.10“ cm/sec. 


Z 


200 300 (t°C 


FIG. 3. Diagram of changes 

in resistance to deformation 

and stress in the specimen 
in the complex dent. 


FIG. 2. Temperature-elongation curves. 
1 — hardened state, deformation rate 2.10* cm/sec; 
2 — hardened state, deformation rate 2.107 cm/sec; 
3 — aged state, deformation rate 2.107 cm/sec. 


DISCUSSION OF RESULTS 


hardened state at first rises with temperature, rea- 
ches a maximum at 200°C and then diminishes. With 
a higher rate of deformation the curve runs some- At the part in question of the load-elongation 
what lower in its initial part and reaches a maxi- curve obtained from the specimen in the hardened 
mum at 250°C. On passing over into the region of state, the jumps in the majority of cases appear now 
solution of the precipitated phase, the elongation at the ascending, now at the descending part of 
for the higher rate of deformation is slightly great- every dent visible with the naked eye (Fig. 3). 
er than that for the lower rate of deformation. In the After every jump on the ascending section of a com- 
range of temperatures from 150 to 275°C, the elonga- _ plex dent the tensile stress rises above its initial 
tion reaches particularly high values. Such values level. The occurrence of jumps in this case is ex- 
of plastic deformation were named “superplasticity” plained by the same mechanism as at the straight 
by Bochvar [3]. ascending section of the stress-strain curve [1]. The 
For the aged state the elongation increases ini- change of resistance to deformation and stress in 
tially, preserves a nearly constant value in the the specimen at the descending part of the complex 


range of temperatures from 100 to 300°C and then dent can be described as follows: 
In the process of undergoing plastic deformation 


diminishes. 
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during the jump shown in Fig. 3, the resistance to 
deformation at the peak of the dent falls directly 
after the beginning of the jump (the dotted line ad), 
then it increases (bc) due to the rise of the resist- 
ance to slip. At the end of the jump the resistance 
to deformation reaches its initial value or is a little 
below it. The stress falls more slowly during the 
whole jump (continuous line ad). Hardening in cons- 
tituents of the specimen where the deformation took 
place causes the rise of stress in the other consti- 
tuents. The section under consideration of the load- 
elongation curve corresponds to the region of appre- 
ciable local deformations as well as of high values 
of external stress. Under these conditions, inten- 
sive nucleation and growth of the precipitating 
phase takes place. As a result, by the end of the 
jump at the top of the dent, a sufficient number of 
nuclei of crystallization occur in the vicinity of 
which the shearing stresses are more or less close 
to the critical values. The smallest increase of the 
load (dc) causes a new jump in the initial stage of 
which the number of particles, due to redistribution 
of tensions, increases in an avalanche manner. Be- 
low, such jumps we shall call the “avalanche 
jumps”. The origin of the avalanche jump causes a 
rise of plastic deformation accompanied by a great 
drop of the resistance to deformation (ce) and the 
stress (cq). Towards the end of the jump the resist- 
ance to deformation and the stress increase but re- 
main far below the initial level. This is due to the 
fact that again a sufficient number of nuclei of cry- 
stallization originate in the specimen near which 
the shearing stresses are near to critical and only 
a small rise of the load is sufficient to provoke a 
new avalanche jump. This process recurs until the 
generation and release of dangerous tensions come 
to an end. After that the stress rises again and the 
ascending part of a new complex dent starts. The 
occurrence of the avalanche jumps accompanied by 
appreciable deformations explains the more flat- 
tened slope of the descending parts of complex 
dents and shifting of the ultimate tensile strength 
towards the beginning of the load-elongation curve. 
With rise of temperature the rate of disruption of 
a super saturated solid solution under the action 
of the load appreciably increases, that is, more 
nuclei of crystallization originate and grow; this is 
accompanied by a slight decrease of critical shear 
stress. In effect, the number of jumps and conse- 
quently the plastic deformation increase. Simulta- 
neously with increase of precipitated nuclei of cry- 
stallization the process of coagulation takes place 
but its effect is insignificant at relatively low tem- 
peratures. At higher temperatures the process of 
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coagulation becomes more important, the relative 
number of precipitating crystal nuclei decreases. 
When an equilibrium is set up between the numbers 
of precipitating and coagulating particles of the new 
phase, the elongation reaches its maximum (Fig. 2). 
With further increase of temperature, the effect of 
coagulation becomes predominant, the number of 
jumps lessens and the plastic deformation decrea- 
ses. 

With increased rate of deformation the process of 
disruption (which requires time) is affected by ex- 
ternal stresses to a smaller degree; in consequence, 
less of the precipitated crystals of the new phase 
have time to grow to such a size when shear stres- 
ses near them approach critical values. This results 
in a decrease in the number of jumps and consequen- 
tly in plastic deformation, simultaneously the resist- 
ance to deformation and the hardening increase sligh- 
tly; the effect of coagulation will be less pronounc- 
ed, and as a result, the maximum of the elongation- 
temperature curve will be displaced towards higher 
temperatures (Fig. 2). Within the range of tempera- 
tures 100- 175°C, that is, when an intense disruption 
of the super saturated solid solution in the process 
of deformation takes place, the number of complex 
dents on the load-elongation curve sharply increa- 
ses i.e. an appreciable increase of elongation (to- 
tal extension) of the specimen takes place. This 
serves as an explanation of the superplasticity of 
the alloy. With transition to the region of solution 
of the precipitated phase the number of avalanche 
jumps decreases abruptly. In this case, the number 
of precipitated centres of crystallization is deter- 
mined by the time passed from the moment of hard- 
ening to the beginning of the test and the duration 
of preheating the unstrained specimen to the temp- 
erature of solution of the precipitate. Since this time 
in our experiments is relatively small (of the order 
10-15 min the precipitated centres of crystalliza- 
tion have no time to coagulate and their number 
turns out to be considerable. With the transition to 
the region of solution of the precipitated phase this 
number decreases. The process of dissolving les- 
sens the tensions in particles and in the solid solu- 
tion surrounding them whereas the load increases 
them. The shear stresses, therefore, reach their cri- 
tical values at some higher loads. 


With a higher rate of deformation, the tensions in 
particles and in the solid solution surrounding them 


are released by slower solution and consequently 
the external stress increases less. In this case, a 
smaller number of previously precipitated centres of 
crystallization are dissolved and the number of 
jumps obtained on the load-elongation curve is 
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greater i.e. the elongation increases in comparison 
to that with a slower rate of deformation. 

With further increase of temperature this differ- 
ence in elongation for different rates of deformation 
increases and reaches a maximum value at a temp- 
erature of 350°C. Near the temperature of hardening 
(375°C) the dissolving becomes intensive; the num- 
ber of nuclei of crystallization, accordingly the 
number of jumps, diminishes sharply and the elonga- 
tion falls. At the same time the difference in plas- 
tic deformation for different rates of deformation de- 
creases and at the temperature of hardening the 
curves coincide. 

For the aged state the number of precipitated 
nuclei of crystallization is small because the pro- 
cess of coagulation has been fully completed. In 
this case the elongation is also determined by the 
number of jumps undergone. 

With rise of temperature (up to 100°C) the numb- 
er of jumps, hence the elongation, increases owing 
to decreased resistance to deformation and disrup- 
tion of the part of the solid solution remaining after 
ageing. 

In the temperature range of 100-300°C approxi- 
mately the same number of precipitated nuclei of 
crystallization take part in the process of plastic 
deformation and, on the average, the elongation 
obtained is nearly equal. The slightly noticeable 
decline of the curve (Fig. 2) at this section towards 
high temperatures is explained by the fact that the 
number of new phase particles at the beginning of 
the section increases a little due to the disruption 
of the part of the solid solution remaining after age- 
ing under the action of internal load, and towards 
the end of the section their number decreases due 
to coagulation. 

In this case the transition towards the region of 
the precipitated phase does not reveal itself up to 
a temperature of 300°C, i.e. so long as the process 
of dissolving proceeds slowly. Above 300°C solu- 
tion increases, the number of nuclei of crystalliza- 
tion decreases and elongation falls. The fact that 
the curve illustrating the elongation as a function 
of temperature lies considerably lower in the case 
of the aged state than for the hardened state can be 
explained by an appreciably smaller number of 
nuclei of crystallization in the aged specimen tes- 
ted. Hence the aged state of alloys can be formal- 
ly regarded as a strongly hammer-hardened state. 

It may be assumed that the proposed interpreta- 
tion of intermittent deformation and changes of 
mechanical properties is applicable not only to the 
alloy discussed, but in general to any disrupting 
solid solution. The application of this interpreta- 
tion to various alloys possessing one or other of 


these characteristics of phase disruption will render 
possible further development and generalization. 
This is confirmed by the fact that intermittent de- 
formation has been observed, by other investigators, 
in a number of supersaturated solid solutions both 
in the hardened and aged states. 

It is possible that intermittent deformation will 
be observed not only in specimens of super saturat- 
ed solid solutions, but in those of other materials 
provided a still finer method of recording elonga- 
tion curves is used. Indeed, in a real monocrystal 
and still more in a polycrystal specimen individual 
parts are found to be in a state of stress, owing to 
various irregularities (existing in the material or 
originating in the process of deformation), in parti- 
cular small soluble and insoluble impurities, vari- 
ous orientation of grains etc. Under the action of 
external load these sections are found to undergo 
stresses above the elastic limit, while the main 
body of the specimen ‘s under appreciably smaller 
average load. If these over-loaded parts represent 
any noticeable fraction of the specimen volume, the 
plastic deformation of these parts will reveal itself 
as a very small residual deformation of the whole 
specimen i.e. will result in a jump. As a result of 
the redistribution of stresses and further increase 
of external load, plastic deformation will occur near 
some other irregularities i.e. another jump will take 
place, etc. Hence, the effect of irregularities of var- 
ious kinds may be interpreted similarly to that of 
nuclei of crystallization precipitated from a super 
saturated solid solution. 

From this point of view, the whole load-elongation 
curve, perhaps the rectilinear ascending part except- 
ed, may be regarded as consisting of a very large 
number of very small jumps which are not detected 
by the adopted methods of recording and the curve 
seems to be smooth. We find the confirmation of 
this statement in the fact that intermittent deforma- 
tion has been observed by a number of investigators 
testing monocrystal and polycrystal specimens of 
metals of comparatively high purity [4-8]. 


CONCLUSIONS 


1. It has been experimentally established that 
the dents in the load-elongation curve in the obvi- 
ously plastic region, earlier observed by many in- 
vestigators, Consist of individual distinct jumps 
differing in their magnitude at ascending and des- 
cending parts of every complex dent. 

2. The whole plastic deformation consists of se- 
parate jumps, the total number of which is propor- 
tional to the total plastic elongation. 

3. Based on experimental data obtained and in 
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conformity with Konobeyevskiy’s theory of phase appearance of avalanche jumps renders possible a 
transformation, a conception is developed which good explanation of softening and “superplasticity” 
renders possible a physical interpretation of both of the tested alloy. 


the process of intermittent deformation and changes 6. Intermittent plastic deformation in uniform 
in physical properties. stretching differs qualitatively from the intermittent 


4. The concept introduced renders it possible to deformation from the moment of neck formation by 
explain the intermittent deformation in mono and the fact that before the ultimate tensile stress only 
poveepueal substances, which are not super satu- simple dents are observed on the load-elongation 
rated solid solutions, if there are present any ir- curve, while after that both simple and complex 
regularities playing the part of particles of the dents are found. 
precipitating phase. 

5. Proceeding from the interpretation introduced 
of intermittent deformation, it is shown that the 


Translated by B. Cynk 


REFERENCES 


6. E.S. Yakovleva and M.V. Yakutovich, Zh. tekh. fiz., 
5, 1744 (1935). 


7. N.N. Davidenko, and I.N. Mirolyubov, ZA. tekh. fiz., 


. N.F. Siutkin, Fiz. metal. metalloved. (1957). 
. N.F. Siutkin, Dokl. Akad. Nauk, SSSR, 96, 503 (1954). 
. A.A. Bochvar and Z.A. Svidezskaia, /zv. Akad. Nauk, 


SSSR otd. tekh. nauk. 9, 821 (1945). 6, 60 (1936). 
- Schmidt and M.A. Valough, Z Phys.. 79, 531, 1932. V.D. Kuznetsov and L.A. Shvirk, Zh. prikl. fiz., 
. R. Becker and E. Orowan, Z Phys., 79, 566, 1932. 4, 75 (1927). 


= 

3 VOL. 

6 

195€ 
5 


OL. 


L-SERIES OF CERIUM IN CeB, and CeO, * 
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“M.V. Lomonosov” Moscow State University 
(Received 12 November 1956) 


Based on the example of L]]] absorption bands and L 


19 emission lines of cerium in CeB,, 


and CeO,, the effect of a chemical bond upon the X-ray spectra of rare-earth elements is shown ex- 


perimentally for the first time. 


INTRODUCTION 


From the point of view of X-ray spectroscopy, 
the rare-earth elements represent the least invest- 
igated group. So far no data are available in litera- 
ture on the effect of the character of atom interac- 
tion and valency upon the fine structure of X-ray 
spectra of rare-earth elements. The main objects of 
investigation in the papers on the L - series [1-6] 
and on the M-series [7,8] of the rare-earth elem- 
ents were their ionic compounds. The compounds 
with metallic bonds and alloys have not been studi- 


ed. 

Nevertheless, the question of the effect of a che- 
mical bond upon the fine-structure of X-ray spectra 
of the rare-earth elements is of appreciable interest. 
For checking its conclusions, the poly-electronic 
classification of X-ray spectra — the necessity 
for which now becomes really pressing [9, 10] — 
requires evidence on the effect of chemical bonds 
upon these spectra, and first of all upon the spec- 
tra of rare-earth elements in connexion with their 
incomplete inner 4 f-electron shell. It is also cer- 
tain that the rare-earth elements will acquire in- 
creasing importance in producing compounds and 
alloys of particular physico-chemical properties. 
As such, the hexaborides of rare-earth metals of 
the MeB, type should be mentioned. 

For the synthesis of hexaborides Andrieux’s elec- 
trochemical method is usually applied. The struc- 
ture of some of them was determined roentgenogra- 
phically by Stackelberg and Neumann in 1932 [12]. 
The last X-ray structural analysis of the rare-earth 
elements [13,14] provides evidence on the inter- 
atomic distances of hexaborides of the following 
rare-earth elements: lanthanum, cerium, praseodym- 
ium, neodymium, gadolinium, erbium, ytterbium. 


* Fiz. metal. metalloved. 6, No. 1, 141- 147,1958. 


MeB, has a crystal structure of the CsCl type [15]: 
the position of the central atom is occupied by the 
octahedron B, the atoms of the metal form a cubic 
lattice in which is included a cubic lattice of bor- 
on atoms. Every atom of boron has five neighbours, 
four in its own octahedron and one belonging to the 
adjacent octahedron. All the five atoms are at a 
distance of 1.72 A from each other. This distance 
is known as the covalent diameter of boron and is 
nearly independant of the presence of metals [13]. 
The borides of the rare-earth elements are isomor- 
phous with the borides of the alkali earth metals. 

The hexaborides of rare-earth elements possess a 
number of pronounced metallic properties; low re- 
sistivity [16] (60.5 for CeB,; 17.4 pO cm 
for LaB,), good thermal emission characteristic 
[17] (CeB, has 3.6, = 2.59 eV (electron volt); 
LaB, has R= 29, = 2.66 eV). By analogy to the 
properties of the transition elements having L - shells 
with vacancies, the hexaborides of rare-earth ele- 
ments should be expected to have higher tempera- 
tures of conversion into the superconductive state 
than the corresponding metals [18]. Among other 
properties of the hexaborides of rare-earth elements 
must be mentioned their yreat hardness [16] and 
high melting point [11] (Melting point of CeB,T,_).= 
+ 2190°C, and of LaBTm.p.= + 2210°C), parama- 
gnetism [19]. (The magnetic moment in Bohr mag- 
netons for CeB, is equal to 2.19; for NdB, — 3.82; 
for GdB, — 7.63; for VbB, — 4.58). From the mea- 
surements of magnetic moments it follows that the 
rare-earths are trivalent. 

Experimental data on the relative interatomic dis- 
tances (13, 14] render it possible to prove convinc- 
ingly that the bonds between atoms of boron are of 
the covalent type, whereas those between metal and 
boron cannot be regarded as covalent. According to 
data on the conductivity and thermal emission of 
borides of rare-earth elements of the MeB, type, 


L-series of cerium in CeB, and CeO, 


| 


Number of 
electrons 


metallic bonds should exist. 

Samsonov [20, 21] points out that the lattices of 
MeB, borides, similar to carbides and nitrides of 
transition elements, are of interstitial phase confi- 
guration (rg: rye < 0.59; for example, in the series 
La — Ly rp : re = 0.47 — 0.50), where metalloids 
give their electrons to the common pool of electrons, 
that is, the compounds are formed mostly of the in- 
ter metallic type. In a series of phases formed by 
beryllium, boron, carbon, nitrogen and oxygen with 
transition metals, the distribution of electrons bet- 
ween atoms of metal and metalloid is determined by 
the first ionization potential of the metalloid. For 
instance, in borides (ionization potential of boron = 
8.296 eV) boron easily loses its electrons, in com- 
bination with oxygen metals transfer their electrons 
to oxygen (ionization potential of oxygen is 13.64 
eV). 

Hence, with rise of ionization potential of a met- 
alloid a tendency is observed to form ionic bonds. 
This point of view on the character of bonds in he- 
xaborides is confirmed by calculations of quantum 
mechanics. In the work by Longuet-Higgins and 
Roberts [22], the form of energy bonds of the MeB, 
crystal is found by the molecular orbit method. In 
Table 1, the band edges and holes are given. Here 
x is the energy parameter, approximately expressed 
by E: (E — a) ¥ x (K — a), where K — a =a cons- 
tant, E is the energy in electron volts. 

A, B, F — are bonding levels. Since for the octa- 
hedron (3 x 6) = 18 valency electrons of boron are 
due, the A, B, F levels are completed. The E level 
is also bonding and is filled by two electrons of a 
metal. Thus, if the metal is bivalent (calcium for 
instance), then all the valency electrons go to 
band E, and anti-bonding levels D, G, and H appear 
to be in the empty state. A hexaboride of a bivalent 
metal should be an insulator (A E = A x (K — a) = 
4.4 eV between filled B and unfilled C, zones) or 
a semiconductor, under certain conditions. If a 


metal is trivalent or quadrivalent, then two valency 
electrons fill the E level the third and fourth elec- 
trons belong to the conduction levels D, G, and H; 
however, since the third and fourth ionization poten- 
tials of the’ metal ere high, the conduction electrons 
will be more strongly bound to the atoms of the met- 
al. 

The data by Flodmark [23] represent a substantial 
complement to this paper. Using the variational 
method under the assumption that there is maximum 
probability of the set of orbits and of maximum 
charge density in the directions of bonds, he establis- 
ed the following: The laws of symmetry require the 
presence in the B, octahedron of boron of excited 
3d-states, (the normal configuration of a free atom 
of boron is (l1s)!. (2s)?. 3d-electrons form in the dir- 
ections of the bonds a maximum charge density far 
beyond the boundaries of the boron atom. Finally, 
the lower ionization potential of the metal, the stron- 
ger the screening of 3d-electrons in the atomic 
field of boron, that is, the greater the tendency of 
the electrons of the metal and boron to form a com- 
mon pool. 

In order to obtain more data capable of throwing 
light on the nature of the distribution of electrons 
according to their energies in crystals of the MeB, 
type, photographs were taken and analysed in this 
work of the absorption spectra Ly; and Lg,, 
emission lines of cerium in CeB, and also in CeO, 
compounds with metallic and ionic bonds respective- 


ly. 
EXPERIMENTAL PART 


The work was carried out by means of the vacuum 
soft X-ray photo-spectrograph — DVRS-1. The high 
voltage generator URO-70 served as a source of 
high tension. The bent quartz crystal served as an 
analyser (the planes (1010) in the second order re- 
flection for the L-spectrum of cerium, and in the 
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TABLE 1. 
Level | Xmin | *max || Level | Xmin | Xmax = 
D —1.361 —1,200 6 H —1.163 —0.959 4 
c —1.000 | —0.471 12 G —0.800 | —0.588 6 
Cy —0.754 —(.180. 
B 0.212 0.786 6 F 0.697 1.028 6 
A 1.249 Ae 
VOL. 
6 
195! 


L-series of cerium in CeB, and CeO, 


By emission lines of CeB, and 


FIG. 1 a- 6. 
eO, (microphotogram) 


third order for the reference lines of Cu, Kg and 
W La). The dispersion in the range investigated 
was 14.5 XE/mm. 

Initially the samples were checked as to the con- 
tent of cerium and impurities. The purity of CeB, 
proved to be 99 per cent (the main impurity being 
PrB,) and the purity of CeO, was about 98 per cent 
(the main impurity being meodymium oxide). 

When photographing the L-absorption bands, tun- 
gsten was used as an anode giving the most intense 
continuous background in the L-region, and also 
suitable lines of comparison of WLg. When photo- 
graphing emission spectra of cerium in its compounds 
CeB, and CeO, an aluminium anode was used, pro- 
viding the background of maximum intensity. 

The filament was oxidized tungsten or platinum. 

Photographs of absorption bands Ly; with most 
contrast were obtained using absorbers 9 mg/cm? 
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thick for CeB, and 7 mg/cm? for CeO,, which are 


2-2.5 times more than the optimum thickness. The 
purity of emission was being checked (a photograph 
taken without the sample). 

Conditions for photographing the absorption bands: 
Bragg angle, 30°30’, voltage 11-12 kV, current 
through the tube, 26-28 mA, time of exposure, 2 hr. 


FIG. 2 a — b. Ly emission line of CeB, 
and CeO, (microphotogram). 


To obtain the lines of comparison near the edge of 
LI, the time of exposure was 10 min at a voltage 
of 14-16 kV. 

The conditions of the X-ray tube for taking the 
emission spectra were as follows: 23-24 kV, cur- 
rent 8-10 mA, time of exposure 30 min — 1 hr. 

The emission and absorption spectra of cerium 
were evaluated by means of microphotometer MF-4 
with objective 6*. The slit of the microphotometer 
was d = 0.3 mm wide and fA = 1.4 mm high. 


RESULTS OF THE EXPERIMENT 


Quite an intense satellite L* was discovered in 
2 
the emission spectrum of cerium in CeO, of A = 
2195.71 XE. This satellite is absent in CeB, 
(Fig. 1 a — 6). In the emission spectrum of CeO, 
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L-series of cerium in CeB, and CeO, 


TABLE 2. 


Compound| No. of maximum | ] 


3 4 5 


Wavelength, XE | 2162.43 2159 21 | 2156.63 2145.47 


CeO, 


Energy, eV | 5720.8 


5729.1 | 5736.0 | 5765.8 


Wavelength, XE | 2163.00 2160.75 2152.15 | 2140.71 


CeB, 


Accuracy: + 0.03 XE, + 0.leV. 


Energy, eV | 5716.7 


5724.6 | 5747.3 | 5778.2 


there is a very weak line Lg, of cerium consisting 
of three components of approximately equal inten- 
sity: A, = 2158.16 XE, A, = 2157.45 XE, and A, = 
2156.74 XE. In CeB, this line is absent. The wave- 
of L (2p + 3d), Lg,, (2s + 3d, j= 3/2), 
B, (2s + 3d, j = 5/2). Lg, (2p + 5s) of cerium do 

a “alter at all on changing from CeO, to CeB,. 
They are equal to 2204.15; 2191.41; 2184.22; 
2177.17 XE respectively. 

The fine structure of the Ly; absorption bands 
of cerium in the compounds in question differs dis- 
tinctly. As can be seen from Fig. 2 a — b, and 
Table 2, the Ly band, in the case of cerium boride, 
has an intense absorption line (3), and in the case 
of cerium oxide — two intense absorption lines (3) 
and (4). The selective line (3) of the Ly;-absorption 
band of cerium in CeO, is displaced in relation to 
the first selective line (3) of the Lyy;-band of cerium 
in CeB, by 1.54 XE towards the shorter waves (cor- 
responding to an energy displacement of 4.5 eV). 
A difference in the Kostarev-Kronig structure of the 
short-wave side of the Lj1;-absorption edges is 
observed. 


DISCUSSION OF RESULTS 


Experimental curves of the absorption coeffici- 
ents »/p as a function of energy E in the region of 
the Lyj]-absorption edge of cerium were resolved 
graphically (Fig. 3 a — b). The resolution was bas- 
ed on the following consideration: The data on the 
filling of the electron orbits of cerium [25] justify 
the supposition that the absorption spectrum cont- 
ains selective absorption lines corresponding to 
electron transitions 2p + 4f, 2p + 5d, 2p + 6s. 

On the basis of formula [24] 

1 (E) p(E) 


and selection rules 
|A/|= 


the relative intensity of these selective lines may 
be approximately estimated in both cases, CeO, 
and CeB,. The line corresponding to the transition 
2p + 5d should be the most intense in both spectra, 
because it is the most probable dipole transition 
and moreover, the density of the 5d-band is high. 
The relative intensity of the selective line due to 
the transition 2p + 4f should be lower, despite the 
density of the 4f-band being greater than that of 
5d, because the transition 2p + 4f is quadripolar 
and its probability, therefore, is relatively small. 
The relative position of the maxima of the selective 
lines 2p + 4f and 2p + 5d could be accurately deter- 
mined if the wavelengths of Myy,y-absorption 
bands of cerium were known, as well as the wave- 
lengths of Lg q,-emission lines of cerium (My = 
~ iv = Ly — La,) and the energy 
widths of Miy, My and 

Such data about the M-spectrum of cerium are not 
available, hence one has to confine oneself toa 
rough approximation of the relative position of the 
maxima of 2p + 4f and 2p + 5d, following the dia- 
gram of the intensity distribution on the experiment- 
al curve (Fig. 2 a — 5). Since the spectrum structures 
of all the rare-earth elements are nearly similar, it 
seems reasonable to use the results of the trans- 
formation of Ly; into My,y and compare M jy y 
with Meyper. of samarium, data for which are known 
[5, 6, 8]. The maximum of the transformed M ‘y- 
band of samarium (M ‘y = — Lg,), which must be 
attributed to the 2p + 5d transition, ‘lies towards 
the shortwaves by 6 eV from Mexper., which corres- 
pon ds to the transition 3d + 4f. A similar picture 
should be observed in cerium. “Radiation” [1, 2] 
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L-series of cerium in CeB, and CeO, 


TABLE 3. 


No. of maximum (Fig. 3 a-b) 


| | @® | 


(4) | © 


Compound Transitions 


| 2p>4fy 


2p+4j, | 2p+5d | 2p-+6s 


Wavelength, XE 


| 2162.34 | 2161.03 


2159.21 | 2156.63 


Energy, eV 


| 5720.8 | 5724.1 | 5729.1 | 5736.0 


Relative distance, eV 


Width, eV 


Relative intensity, % 


| Wavelength, XE 


| 2163.61 | 2162.44 


2160.75 | 2159.15 


Energy, eV 


| 5717.5 | 5720.9 


5724.6 | 5729.0 


Relative distance, eV 


Width, eV 


Relative intensity, % 


TABLE 4. Comparison of level displacements of cerium in CeO, and CeB, 


(1)—(1) | (2)—(2) 


(3)—(3) 


(4)—(4) (5)—(5) 


3.3 | 3.2 


7.1 


from the long-wave side of the Lyjj-absorption band, 
both in CeO, and CeB, (Fig. 2 a — 5), should be at- 
tributed to the 2p + 4f transitions and the first in- 
tense maximum of absorption (3) to the 2p + 5d 
transition. Relative intensity of lines, correspond- 
ing to 2p » 6s transitions in the case of cerium 
oxide, should be comparable with, although smaller 
than, that of line 2p + 5d, because 2p > 6s is a di- 
pole transition, the 6s-band in the case of ionic | 
compounds is vacant in cerium and its density in- 
creases at the expense of its overlapping with the 
6p-band in partly with the 7s-band. 

In the case of the boride, however, the relative 
intensity of the 2p + 6s selective line will be much 
smaller, because here a metallic bond takes place, 


the 6s-band is nearly filled and the probability of 
the 2p + 6s transition is appreciably smaller. 

In addition, the data of optical spectroscopy were 
used in the estimation of the relative distribution of 
lines 2p + 4f, 2p + 5d, 2p + 6s. [25]. 

It can be seen from Table 3 that while the relative 
intensity of lines (1), (3), strictly of the edge, re- 
main approximately constant in both compounds, the 
intensity of line (2) increases a little in CeO, and 
the intensity of line (4), in the case of cerium oxide, 
is nearly doubled as compared with that in the 
boride. 

The widths of lines (1) and (2) remain practical- 
ly constant. The line width (4) in CeO, is twice that 
in CeB,. 
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L-series of cerium in CeB, and CeO, 


FIG. 3 a — b. Resolution of Lj] absorption bands of cerium in CeB, and Ce(Q,. 


The great relative intensity of line (4) of cerium 
in CeO, can be explained by the fact that the 6s- 
shell in CeO, is in an empty state due to the ionic 
bond. 

Energy distances between lines (2) and (3), (3) 
and (4) of cerium in CeO, are greater than in CeB,, 
whereas the distance between lines (1) and (2) re- 
mains practically constant. 

It can be seen from Tables 3 and 4 that the whole 
initial long-wave region of the absorption band Lyy] 
is displaced, in the case of CeO, in comparison to 
the boride, towards the short-wave side by 3.3 eV, 


and line (4), strictly the edge, is displaced by 7 eV. 


The displacement of these lines and actually of 
the Lyyj-edge must be attributed, first of all, to the 
types of chemical bonds in CeO, and CeB, and to 
the valency of cerium in these compounds. 


CONCLUSIONS 


1. Chemical bonds and valency of cerium atoms 
in compounds exert a substantial influence upon 
the X-ray emission and absorption spectra. 

2. Transfer from metallic to ionic type results in 
the broadening of selective absorption lines con- 
nected with the transitions into 5d- and 6s-states, 
and of the displacement of these lines, as well as 


of the absorption edge towards the short-wave side. 
Consequently, in forming chemical bonds in the 
case of rare-earth elements the main part is played 
by the 5d- and 6s-states. 

3. The displacement of lines, corresponding to 
the transitions into the 4f-state, towards the short- 
wave side in the case of cerium oxide as compared 
with the boride, indicates that the valency of cerium 
in CeB, is less than 4. This is in agreement with 
magnetic measurements [19]. 

4. The displacement of lines 2p + 4f as compared 
with that of lines 2p + 5d and 2p > 6s is smallf, the 
width of lines 2p + 4f in changing from CeO, to 
CeB, and the relative distribution are practically 
unaltered. Consequently, the 4f-state does not take 
part in forming chemical bonds in the case of rare- 
earth elements. The study of the magnetic proper- 
ties of various compounds of rare-earth elements 
leads to a similar conclusion [26]. 


Translated by B. Cynk 
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ON THE QUESTION OF THE WAVE-LIKE DISTRIBUTION OF ADMIXTURE ALONG 
THE LENGTH OF A GROWING SINGLE CRYSTAL * 
A.I. LANDAU 


(Khar’kov Branch of the Institute of Chemical Reagents) 
(Received 16 November 1956) 


In this work various processes of orientated crystallization from a melt are considered in which 
the diagram of distribution of an admixture along the length of a single crystal acquires not a smooth 
but wavy character (a laminated distribution of admixture). Possible causes of this phenomenon are 
discussed and an attempt is made at forming a qualitative phenomenological theory of it in the case 
of the periodical nature of the admixture distribution. 


PHENOMENOLOGICAL ANALYSIS 


A number of experimental works [1-4] recently 
published indicate that, contrary to the results of 
theoretical investigations [4-11], the distribution 
of an admixture along the length of a single crystal 
grown from a melt is not always represented on a 
diagram by a smooth curve either uniformly rising 
from one end of a single crystal to the other or uni- 


formly declining. 

In a number of cases an admixture is intermittent- 
ly distributed along the length of a single crystal, 
in layers, the distribution diagram acquiring a not 
uniform but wavy form. 


O¢ 


S$ 
Co 


= 


Tl I, weight, % 
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FIG. 1. Distribution of TII along the length of single 
crystals Na I (TII) grown by the Stockbarger’s meth- 
od. Three experimental curves are presented accord- 
ing to data of Analytical Laboratory of the Kharkov 
Branch of the Institute of Chemical Reagents. 


FIG. 2. Diagram of the wave-like periodical 
distribution of an admixture along the length 
oi a single crystal. 


Thus, three curves are shown in Fig. 1 illustrat- 
ing the distribution of TII along the sing!e crystal 
Nal (TII) grown by the Stockbarger method. They 
are of a wavy but not periodical character. A wavy 
and clearly non-periodic distribution of admixture 
was also shown in work [4] where roentgenograms 
of metal ingots are given as obtained by zone re- 
crystallization. Such a non-periodic wavy distribu- 
tion of admixture may be explained as due to an ac- 
cidental violation of the temperature schedule of 
crystal growth and consequent fluctuation of the 
process of crystallization. 

On the other hand, cases are noted in experimental 
works [1-3] when the wavy distribution of an admix- 
ture along the length of a single crystal occurs with 
noticeable periodicity of the “waves” in correspond- 
ing diagrams * (see Fig. 2). Thus, in diagrams giv- 
en in paper [3] and shown in Fig. 3 which illustrate 


* Fiz. metal. metalloved. 6, No. 1, 148-156, 1958 


* In Fig. 2 and subsequent figures and text, the X-co- 
(continued on next page) 
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Transmission / 4 


Electric 
resistance 
O sec 


Distance, mm 


Life of voids pt sec 


FIG. 3. Light transmission by the roentgenogram, electric 
resistance and life of voids of Germanium crystal with 
the laminated distribution of antimony (data by 
Strathers, Pearson and Hynes). 


the distribution of radioactive antimony along a 
single crystal of germanium (grown from the melt 
by Kiropulos’ method) the periodicity is clearly mar- 
ked on the diagrams in distances between individu- 
al “waves” with approximately equal amplitudes. 
Evidently, this periodic distribution of the admix- 
ture along the length of a single crystal grown from 
a melt cannot be explained by accidental irregulari- 
ties and requires a supposition to be made about 
some periodic disturbance in layers of the melt in 
the process of the orientated growth of a single 
crystal. Petrov [1,2] connects the phenomenon of 
periodic distribution of an admixture with the known 
effect of constitutional cooling [1, 2, 7, 11, 13] (or 
according to the terminology of papers [9, 10] “dif- 
fusional” cooling) of the layers of a melt adjoining 
the front of crystallization, that is, with the effect 


(continued from previous page) 

ordinate represents the length of a crystal in a system of 
stationary axes rigidly fixed to the container (the zero- 
point of the axes chosen at the front wall of the contain- 
er — the initial point of crystallization). Below we shall 
also use a mobile system of co-ordinates V, where the 
zero-point of the axes will be chosen on the moving 
solid-liquid interface of crystallization. Readings of co- 


ordinates in both cases are taken towards the liquid phase. 


of lowering the melting point of these layers due to 
either increase or decrease in concentration of the 
solute in the process of the growth of the crystal. 
We have studied in more detail the causes and me- 
chanism of the periodic distribution of admixture 
and regard this distribution — contrary to [1, 2] — 
as taking place only in the case of constitutional 
supercooling of molten layers adjoining the solid- 
liquid interface of crystallization (near-boundary 
layers). 

The phenomenon of constitutional supercooling 
is similar to that of constitutional cooling but is 
characterized by a fall in the actual melting point 
of near-boundary layers of the melt below the tem- 
perature at which they are in the process of growth 
of a single crystal Fig. 4. If we assume (in view of 
the small value of y) that the rise of temperature 7' 
along the length of a single crystal is expressed by 
a straight line: 


T (y, ft) =To(t) + By, (1) 


and the equilibrium melting point 0, is a linear 
function of the concentration of the solute in the 
melt 


8, (, = 8? —al[e, (y, )—c8], (2) 


— where @ 4 is the melting point corresponding to 
the initial (time ¢ = 0) concentration C } of the 

melt — than the degree of supercooling H will be 

expressed as follows: 


H(y, = 8, (y,O—T(y, = 
(3) 


= a[c, (0, t) —¢,(y, — By +4. 


The quantity A = 6; (O,t) — T,(t) (see Fig. 4) is 
the constant and very small degree of supercooling 
at the interface of crystallization necessary for the 
process of crystallization itself to proceed. By H 
we will designate the maximum degree of supercool- 
ing occurring at a distance ymax from the interface 
of crystallization. 

If the quantity H is higher than a certain critical 
value Her, then a spontaneous formation of second- 
ary nuclei of crystallization (nucleation) occurs in 
the zone of maximum supercooling, which — by a 
periodic repetition of this phenomenon — leads to 
the wave-like distribution of the admixture with si- 
multaneous breakage of the single crystal and chan- 
ge to a polycrystalline structure. In the opposite 


case when values of H and of the gradient of super- 
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cooling 
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dy 


at the interface of crystallization are small, the 
distribution of the admixture is regular [4-11] and 
the growing crystal is of a single grain structure. 
Evidently, to an intermediate case — a wavy dis- 
tribution of admixture with preservation of the 
single grain structure — should correspond to a cer- 
tain intermediate range of values for the gradient 


an 
oy y=0 


= grad H, 


and corresponding to this gradient values of H 
smaller than H,,. The indicated cases may be re- 
presented in the form of a table. 


Distribution of admixture along the length of a growing single crystal 


The effect of the gradient of supercooling at the 
crystal boundary, grad H, upon the transition from 
the undisturbed growth of a single crystal (regular 
distribution of admixture to the periodical disturb- 
ances of near-boundary layers of the melt, hence 
into periodic distribution of the admixture*, may be 
visualized as follows: With the existence of super- 
cooling of near-boundary layers of the melt, micros- 
copic convexities of the surface of crystallization 
(which inevitably occur as a result of fluctuations 
in the process of crystallization) appear to be more 
protruded into the metastable region of supercooling 
than corresponding concavities, hence are in better 
conditions of growth and have a great tendency to 
form dendrites. With small degrees of supercooling, 
however, cellular structure of the surface of crys- 
tallization seems to be more probable [12]. Hence 
a critical value (grad Ho)c¢; may be introduced (see 
Table 1) on reaching which the cellular structure 
is disturbed and rapid forward movement of the in- 
terface of crystallization takes place accompanied 


TABLE 1. Conditions of the growth of a crystal depending on the value of the gradient of 
supercooling at the boundary of crystallization grad Ho and the value of maximum supercooling H. 


Values of grad Hy 


Values of H distribution 


Character of Crystalline 


structure 


of admixture 


grad Ho) cr 


grad Hy >(grad H<H,, 
any H > H cr >» 


H<H.,, Regular Single crystal 


Single crystal 
Polycrystalline 


Periodical 


FIG. 4. Diagram of melting point (C? — 1) and local tem- 
perature (straight line T) — 2) of the near-boundary lay- 
ers of melt; A is the degree of supercooling of the in- 
terface of crystallization, H is the maximum degree of 
supercooling. 


by the formation of dendrites, which occurs here as 
a kinetic process (the interface of crystallization 
moves forward projecting spikes of dendrites) t. At 
the same time the front of crystallization absorbs 
the admixture (precipitation of the solute) owing to 


* In the case in question the disturbances mentioned 
should not be so great as to result in the spontaneous 
formation of secondary nuclei of crystallization and 
disturbance of single crystal sith. 

t Appropriate experimental data, related to the process 
of crystallization at appreciable degrees of supercool- 
ing and rates of growth (far from the phase equilibrium) 
and to the internal structure of solidified crystals, are 
contained, for example, in paper [14]. 
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FIG. 5. Diagram illustrating the equality of quantities 

1, (Fig. 2) and ymax (Fig. 4) under the phenomologic- 

al assumption made on the process of precipitation of 
the admixture. 


the mechanical capture of the most concentrated 
layers of solute near the solid-liquid interface by 
dendrites and also as a result of the distribution 
coefficient (purification coeff.) g [6, 8, 11] approa- 
ching unity due to the rapid rise in the velocity of 
the interface and consequent disturbance of equili- 
brium of the process. It may be assumed that the 
process of absorbing the admixture and capturing a 
near-boundary layer of the melt by the growing sin- 
gle crystal, commencing at the time of reaching 
the critical value of the gradient of supercooling 
(grad Ho)cr, continues right up to the extinction of 
the zone of constitutional supercooling *). Taking 
into consideration that the point 7,(t) is dislocated, 
in the process of capturing near-boundary layers of 
the melt by the front of crystallization, along the 
curve 67 (y,t) but remains all the time below it by 
the value A, it is easy to see from the examination 
of Figs. 4 and 5 that in this case the length along 
the axis of the captured zone will be equal in mag- 
nitude to Ymax. Thus, after absorbing the admix- 
ture the concentration decreases from the value 
(C>)’, corresponding to the critical value of the super- 
cooling (grad Ho)cr, to the value (C°)”, corres- 
ponding to the concentration of the admixture at the 
commencement of its separation at a distance ymax 
from the front of crystallization. At the same time 
the interface of crystallization moves a distance /, 


* After the extinction of the constitutional supercool- 
ing — caused by the accumulation of admixture at the 
front of crystallization, there should still remain the 
supercooling f necessary for the stimulation of the 
process of orientated crystallization. 


(see Fig. 2) equal in order of magnitude to ymax. 
After reaching the value (C°)” and the disappear- 
ance of the zone of constit{tional supercooling, the 
precipitation of the admixture stops, the initial 
rate of growth * v is established and the packing 
begins to rise again from the value (C °)” to the 
value (C >)’ after which precipitation of the ad- 
mixture ‘takes place again etc. which results in a 
periodical distribution of the admixture along the 
length of the single crystal. 


MATHEMATICAL ANALYSIS 


In addition to the details of the microscopic 
features of fhe phenomenon of periodical distribu- 
tion of admixtuie along the length of a growing 
single crystal, the above phenomenological suppos- 
itions, made as to the general pattern of the process 
described, render it possible to determine the main 
parameters of this periodical distribution. of admix- 
ture. Considering that the growth of the crystal in 
the intervals between the precipitation of the sol- 
ute takes place at constant values of g and v owing 
to lack of any disturbance in the layers of melt, we 
shall use the following formula [11] for describing 
the unstable constitutional packing of the solute 
in the intervals mentioned: 


where 


S(x) = og = 


expresses the position of the interface of crystal- 
lization at a given time in the stationary system 

of co-ordinates X, and D — the diffusion coeffici- 
ent of the solute. The distribution of the admix- 
ture along the length of a single crystal is then des- 
cribed by the following expression: 


(x) = £09 +09(1—g)(1—e >") 6) 


* Let us remember that in the majority of methods of 
orientated crystallization (the methods of Stockbarger, 
Kirpulos, Czochralski and others) the average 
rate of growth is assigned by a mechanical 
arrangement. 
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To the stable constitutional packing corresponds 
the following expression [8, 11]: 


v 
|—g 


Using this it is not difficult to determine the critic- 
al value of the rate of growth v¢, corresponding to 
the critical value of gradient (grad Ho)c, reached 
and the transition from homogenous to periodical 
distribution of the admixture (see Table 1). From 
(3) and (7) it follows: 


H (y) = ac? \ (8) 


and 


aH} 
gD (9) 


Hence we find v¢, from the equation 


ace (l—g 
gD 


(grad Ho) cr (10) 


_ + (grad Ho) cr] 
acy (1 — g) 


(11) 


It is easy to make sure that the corresponding quan- 
tity H is equal to | 


aco +h—p {in 
Cor 


(1 —g) 


It is easy to see that for v < v4, and uv"; we shall 
have: the Ist system of growth corresponding to 
item 1 of the table; for vc, < v“-, and v > v¢, the 
2nd system corresponding to item 2, and finally for 
vor < ve, the Ist system will directly change into 
the 3rd system of growth (item 3 of the table) omit- 
ting the 2nd system in the case of the rate of growth 
v reaching or exceeding the value v"c,. 

Let us consider the case ve, < v < From 
formulae (3) and (4) it follows: 


uv 


H(y, x) =aS@)(1—e >”)—py +A, (14) 


OH v 


Hence, at the time of the gradient of supercooling 
reaching the value (grad Ho)-, and the beginning of 
the first precipitation of the admixture, the value 
of S (x) can be found from the equation 


(16) 
aS —8 = (grad Ho) cr 


0,’ sani 
H(v;,) = ac? | lin | +1} 
& 


g 


cr 


mare 


g 


g + (grad Heer] 


{In [t+ (grad Hy) «| + i). 


(12) 


We shall also determine the quantity vc, which is 
a root of the following transcendental equation 


S D + Ho)cr} (17) 
a 
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where x) is the point at the X-axis where the 
first precipitation of the admixture begins (see Fig. 


Whence 


2). From formulae (5) and (17) it follows: + 


ac? (I — g) 


v ac? uv (1 — g) — gD [8 + (grad Hojcrl 


av 


0 + (grad Ho)cr] 
g av 


| 
From formulae (14) and (15) it is also easy to obtain 


D a 
Vmax (x) = In S (x) (19) 


Whence: 


= = In + (grad Hy)er |. 


(20) 
according to the definition 
=c, (0, x\)and (cP )” = (Lis 
Whence 
(cP) =S(x) + = 


D(3+(grad Hyer] 


and 


4 


Every new precipitation of the admixture evidently 
occurs when the concentration of the solute at the 
front of crystallization increases again from the 
value (Cp) to the (C°)’as a result of further 
growth of the single “crystal. Since the accumula- 
tion of the solute and the increase in constitutional 
packing in the intervals between periodical preci- 
pitations proceeds according to rule (6), it is not 
difficult to obtain the following expression for de- 
termining the distance 1, (see Fig. 2): 


The full distance / = 1, + 1, (see Fig. 2) between 
the neighbouring “waves” of the periodic precipita- 
tion of the admixture along the axis of the single 
crystal can be found from formulae (20) and (24), 
while the height of every individual “wave” (see 
Fig. 2) is evidently equal to the following quantity: 


= g l(c)’ = (25) 
au 


Because of lack of the necessary experiments 
relating to work [3], it was impossible to compare 
directly the values calculated from formulae (20), 
(24) and (25) with experimental data. However, as- 
suming the magnitudes of C °, g, a, 8, D and (grad 

L 
Ho)cr to be respectively equal to those of non- 
metallic single crystals: 


Ce ~ 1 (per cent), g = 0.1, a~ 5 (grad/per cent), 
B ~ 10? (grad/per cent), D ~ 5.10°° (cm?/sec) and 
(grad Ho)ep ~ B ~ 10? (grad/per cent), we obtain 


vcr ~ 10° cm/sec. Assuming v ~ 5.10% cm/sec, 
we obtain reasonable approximations of /, and /, 
and 6:1, ~ 1 mm, J, ~ 0.3 mm and 6 ~ 0.2 per cent. 
These results are in good agreement with the data 
of work [3], even the condition /, > 1, (see Fig. 3) 
being fulfilled. 

In conclusion, I am taking the opportunity of ex- 
pressing my deep obligation to Prof. I.M. Lifshitz 
for valuable instructions in carrying out this work. 
I also express my gratitude to A.P. Kilimov and 
Yu. B. Naboykin for kindly placing experimental 
data at my disposal. | 


CONCLUSIONS 


1. The question is investigated of the wave-like 
distribution of an admixture along the length of a 
single crystal grown by the method of orientated 
crystallization from a melt. Possible causes of this 
phenomenon are discussed. 

2. A phenomenological interpretation of this 
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phenomenon is formed on the assumption that the 
cause of the wave-like pericdical distribution of the 
admixture along the length of a single crystal is the 
effect of “constitutional” (or diffusional) supercool- 
ing. The main characteristic of this picture lies in 
the supposition that when the gradient of constitu- 
tional supercooling at the interface of crystalliza- 
tion reaches a certain critical value, a precipitation 
of constitutional packing takes place [11], mani- 
festing itself in the capture, by the growing single 
crystals, of the layers of the melt in contact with 
the front of crystallization and most enriched with 


the admixture. In the intervals between the periodic - 


al precipitation, the constitutional packing is des- 
cribed by formulae (4) — (6), applicable for the un- 
disturbed growth of a single crystal. 

3. On the basis of phenomenological interpreta- 
tion, mathematical calculations of the main para- 
meters are carried out characterizing the periodic- 
al distribution of an admixture along the length of 
the single crystal (see Fig. 2 and formulae (20), 


(24) and (25). 


Translated by B. Cynk 
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ON SELECTIVE VAPORIZATION OF CERTAIN METALS FROM THE SURFACE OF 
STEEL HEATED IN VACUUM * 
S.F. YUR’EV and Z.I. KUSNITSYNA 
Central Scientific-Research Institute of Ship-building Industry 
(Received 19 November 1958) 


In this article the results of investigation are 
described and systematized on the surface cons- 
titution of chrome-manganese and chrome-nickel- 
molybdenum steels after various times of exposure 
in the temperature range from 700 to 1200°C in a 
vacuum of the order 10-* mm of Hg. A method is 
found for the determination of the composition of 
emitted vapours by the change in the constitution 
of the surface layer of a metal 

Certain effects of selective character of vapor- 
ization from an alloyed steel are discussed con- 
cerning the properties, structure and possibilities 
of investigating steel surfaces after heating in 
vacuum. 

On heating pure metals in vacuum at a temper- 
ature much below their melting points, a notice- 
able sublimation occurs, the intensity of whieh is 
characterized by the value of the interatomic bonds 
of the crystalline phase. This phenomenon [1] 
becomes appreciably more complicated on the sur- 
face of multi-component systems, especially in 
cases when metallic alloys contain chemical com- 
pounds, intermediate phases and solid solutions, 


where the process acquires a selective character 
due to the formation of various interatomic bonds 
in the solid phase. 

Despite the widespread application of the most 
modern methods of investigating various properties 
and compositions of metallic alloys by means of 
heating in vacuum [3-11], the fundamental rules 
on the rate of metal vaporization from the surface 
of complex alloys have not so far been systematic- 
ally investigated and the vaporization itself was 
quite insufficiently taken into account in develop- 
ing these methods [3-14]. 


Variation of vapour composition with the com- 
position of the solution and the total pressure does 
not obey Raoult’s law even for the majority of real 
liquid solutions, especially when chemical com- 
pounds are formed from the components of the 
solution [15,16I. In solid solutions and still more 
so in the multi-phase crystalline systems, the 
phases of which are of different constitution, the 
vaporization phenomenon gets sharply complicated. 

The values of vapour pressure over certain pure 


TABLE 1. Vapour pressure of some pure metals [17]. 


Melting point, °C 
at P=760 mm of Hg 


Vapour pressure at melting 
point, mm of Hg 


Vapour pressure at 


1650°C, mm of Hg 


. 10“ 


16% 0.000001 


* Fiz. metal. metalloved., 6 No. 1, 157-166, 1958. 
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Fe 1535 3.72 0.2 

Al 660 1.20 7.4 

Mn 1244 9.04 8.1 

Si 1410 3.16 0.8 

Ni 1455 4.37 0.07 

U 1697 6.5 0.0003 

Cr 1900 6.35 

Mo 2622 2.20 
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metals are given in Table 1 according to data[17}. 
On the basis of these data one may assume that 
manganese, aluminium, chromium and silicon pos- 
sess a high volatility in steel. 


OBJECTS OF INVESTIGATION AND 
ARRANGEMENT OF EXPERIMENTS 


Experiments set up in this work were aimed at 
the estimation of the selective vaporization of 
chromium, manganese, iron, nickel and, to some 
extent, molybdenum from the surface of polished 
sections of steel of two brands (Table 2) when heat- 
ed up to 1200°C in a vacuum of 10-‘ mm of Hg. One 
of these brands is alloyed with the most volatile 
constituents (Mn, Cr) while the second one, in ad- 
dition to the volatile chromium is alloyed with 
nickel and molybdenum which have small tendency 
to vaporization. 


TABLE 2. Content of alloying elements in the 
investigated steels 


Content of alloying elements, % 


Fe, % by 
difference 


Name of steel Ni | Mo | Total 


93.09 


Chrome-nickel | 0. 6.91 
molybdenum 
Chrome- 3.42 


96.58 


manganese 


Heating in vacuum was carried out in apparatus 
for high-temperature micrography of steel structure 
[6] followed by a subsequent point-spectroscopic 
analysis of the composition of the surface sub- 
jected to heating at a given temperature for a 
given time. The use of a “capillary” thread, 0.01] 
mm in diameter as a point electrode fixed the 
point of contact of the spark on the metal surface 
in a region not exceeding 0.06 mm in diameter and 
2u in depth.* 

The specimen was placed between the current 
inlet terminals of the vacuum chamber of appara- 
tus of Lezinskiy type and, after obtaining in it a 
vacuum of 10-* mm of Hg, it was subjected to 
heating by a direct current under definite conditions 


* Point spectrum analysis of specimens was carried 
out by eng. G.G. Afanas’eva. 


Vaporization from the surface of stee] heated in vacuum 


for varicus times. 

The specimen was not uniformly heated along 
its length hence the maximum temperature was ob- 
tained in the middle where the hot junction of the 
thermocouple was welded. 

The points analysed by the spectroscopic method 
were distributed along the specimen at 2.5 mm in- 
tervals comencing from the middle of the specimen. 
The spectral measurements were repeated three 
times for points equidistant from the middle of the 
specimen, the temperature being determined from 
calibration curves and maintained in the specimen 
at the level of every point analysed. This enabled 
the variation in residual concentration of the ele- 
ments measured to be found as a function of the 
temperature of heating for a given time. 


MEASUREMENT OF THE CONSTITUTION OF 
STEEL SURFACE IN THE PROCESS OF 
VAPORIZATION 


In Fig. 1 are shown the results of analysis of 
the surface of chrome-manganese steel in a vacu- 
um of 10“ mm of Hg for 5—120 min at a tempera- 
ture of 700—1200°C. 

At all the temperatures investigated and with 
the same initial content of manganese (1.25 per 
cent) and chromium (1.50 per cent) in the steel, 
manganese displayed perceptibly greater tendency 
to vaporization than chromium. The vaporization 
of these elements at 700°C and 900°C mainly de- 
velops during the initial 5-30 min after which a 
certain equilibrium of their concentration on the 
surface is reached. 

A somewhat different picture is observed for 
chrome-nickel-molybdenum steel (Fig. 2). In this 
case the content of chromium, a great amount of 
which is initially present in the steel, diminishes 
more uniformly and the equilibrium concentration 
at low temperatures (700—1000°C) is reached later. 
At 1200°C the reduction of the chromium content 
proceeds more rapidly than in the chrome-manganese 
steel so that, after 2 hr exposure in vacuum, it 
reaches approximately the same value as in the 
chrome-manganese steel, that is, 0.06—0.65 per 
cent. 

The behaviour of nickel in chrome-nickel- 
molybdenum steel was found to be very unusual 
(Fig. 2). The initial content of nickel (3.50 per 
cent) remains practically unchanged up to 900°C; 


at 1200°C a very sharp increase of nickel content 
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-- ————-_ Yo manganese 
| chromium | 


Cr, % 


Residual content of Mu a. 


Time of exposure, min 


FIG. 1. Residual content of elements on the surface 
of chrome-manganese steel as a function of the time 
of exposure to various temperatures in vacuum. 


is found in the surface layer so that its relative 
concentration is already doubled after 30 min 

and after 2 hr it is 4—5 times as much as the ini- 
tial value. In Fig. 3 data are submitted illustrat- 
ing the effect of temperature upon the increase of 
nickel concentration and decrease of chromium 
content in the surface layer of the steel investi- 
gated. 

In order to, explain this behaviour it must be 
taken into consideration that nickel displays a 
very low relative vapour pressure even at a tem- 
perature of 1650°C as compared with that not only 
of manganese but even of iron (see Table 1). 
Moreover, the behaviour of iron, the basic compon- 
ent of the alloy, has been completely excluded 
from examination in carrying out this analysis. 
Iron evidently takes an active part in vaporization 
both because it is a dominating constituent of the 
alloy (see Table 2) and owing to its relatively 
high vapour pressure (see Table 1). Thus, the in- 
crease of nickel content found on the surface of 
specimens should be explained by the fact that 
nickel, practically taking no part in the sublima- 
tion, accumulates on the surface at the expense 
of intensive escape of iron, chromium and, evident- 
ly, other volatile elements (carbon, manganese, 
sulphur, phosphorus etc.). 

It was of interest to estimate roughly the depth 
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FIG. 2. Residual content of elements on the surface 
of chrome-nickel-molybdenum steel as a function of the 
time of exposure to various temperatures in vacuum. 


of the metal layer which undergoes a perceptible 
change in the steel constitution due to vaporiza- 
tion. The results of experiments are given in Fig. 
4 from which it is evident that after heating up to 
1200°C and exposing for 120 min a small excess 
over the initial content of nickel and a perceptible 
fall in the initial content of chromium in the chrome- 
nickel-molybdenum steel is still detectable at a 
depth of 0.02 mm. 

Thus, under these conditions the total thickness 
of the surface layer taking part in sublimation pro- 
bably reaches 0.03—0.04 mm. 


INVESTIGATION OF THE COMPOSITION OF 
THE SUBLIMATE 


Attempts to collect and analyse the condensate 
of the gaseous phase sublimed from the cleavage 
surface of chrome-nickel- molybdenum steel showed 
that during one hour at a temperature of 1100°C the 
condensate was 0.0007—0.0008 g which practically 
excluded all possibility of carrying out a direct 
analysis of the sublimate. 

The question of the content of the sublimate can 
be satisfactorily solved with a certain degree of 
approximation using the above given data on the 
changes in constitution of the sublimating speci- 
men on the grounds of the following considerations. 
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700 800 900 1000 1100 1200 ' 


Temperature, 


FIG. 3. Variation of the content of 
chromium and nickel on the surface of 
chrome-nickel-molybdenum steel 
as a function of the temperature 
of heating in vacuum. 


Let us select from the specimen an infinitely 
small surface layer of metal taking part in subli- 
mation in the sense that atoms of the metal direct- 
ly break away from this layer and pass into the 
gaseous phase. Let the total weight of this layer 
be 5 g and its constitution before the beginning 
of vaporization corresponding to the general con- 
stitution of the steel be as follows: 


By + €o + Do + € = 100%. 


Then the total number of atoms of element B, 
for instance, in the chosen layer will amount, by 
weight, to 


_ 8Bo 
bo = (1) 


Let, in addition, a g of a substance (of unknown 
composition) escape from this layer into the sub- 
limate, which resulted in the change of constitu- 
tion of the surface layer of the specimen to the 
measured quantity: 


B, + C, + D, +, = 100%. (2) 


iybdenum, % 


= 


& 


Temperature, °C 
S 


nganese, chromium 


Content of nickel, % 


T 


Contents of ma 


15 
Distance from the middle, mm 


FIG. 4. Variation in temperature and content of chromium, 
nickel and molybdenum along the length of the specimen 
of the chrome-nickel-molybdenum steel at its surface 
and a depth of 0.02 mm after heating the specimen 
in vacuum for 120 min. 


Then the quantity by weight of element B, for 
example, remaining at the surface of the specimen 
will evidently amount to: * 


(6 —a)B, 
b, = a. (3) 


From the above it follows that the concentration 
in the sublimate of element B in particular, may be 
defined as follows: 


(bo 


-B,) +B, (4) 


and it is not directly dependent upon the initial 


* Considering analogous expressions for the quantities 
by weight of all the components of the layer before and 
after vaporization it is easy to show that 
bot cot dg (6 —a)g, 
while 
(bp — by) + (cg — + (dy — dy) + (Cp ~e,)= ag 
These obvious relationships confirm the accuracy of 
the above given equations of types (1) and (3). 
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FIG. 5. Variation in the relative quantity £4 and com- 
position of vapours volatilization from the surface of 
chrome-nickel-molybdenum and chrome-manganese 
steels with rise of temperature. 


and final concentrations of other elements. 

Similar relations should also exist for all the 
other components of the vaporizing system. 

Thus, if the ratio 5/a were known, the full com- 
position of the sublimate could be established 
from the initial and final constitutions of the sur- 
face of the heated specimen. 

Obviously, the ratio 5/a can be determined for 
every specimen if the content of even one compo- 
nent of the sublimate is known or if it is known 
that any one component contained in the initial 
state of the tested steel does not take part in va- 
porization under given conditions. Indeed, if for 
such a component c it is assumed in the equation 
similar to (4) that Cy = 0, then evidently 


(5) 


Hence, for component E, with known ratio 5/a 
from (5), given E, and E£,, the Ey can be establish- 
ed assuming that under the conditions of the test 
the active layer 5 is the same for all the compon- 
ents 


C, 


Where C, and C, are the initial and final (percent- 
age) concentrations of the component not taking 
part in vaporization. When E, = E, we obtain Ey = 
E, = E, which means that when in the process of 
vaporization the concentration of a component on 
the surface of a steel remains unchanged, the per- 
centage of this component in the sublimate is the 
same as in the initial state of the steel. 

With the help of the above considerations and 
simple calculations based on them it becomes pos- 
sible to estimate quantitatively the composition of 
the sublimate coming off the surface of specimens 
under various heating conditions. Let us briefly 
discuss these results. 

In the light of the above given characteristic 
data for nickel it was assumed for the computation 
of 5/a that nickel does not takes part in vaporiza- 
tion for all temperatures up to 1200°C. With this 
assumption accounted for, the variation of the 
composition of the sublimate (iron and chromium) 
from the surface of chrome-nickel-molybdenum 
steel with rise of temperature is shown in Fig. 5 
by the continuous line. The variation of the total 
relative quantity of the sublimate ¥, = a/8 with 
temperature is also given in the same diagram. 
Similar data referring to the content of chromium , 
manganese and iron in the sublimate separating 
out at various temperatures are shown in Fig. 5 
by dotted lines. 

It might seem paradoxical that the concentration 
of chromium and manganese in the sublimate notice- 
ably decreases with rise of temperature and that 
the content of chromium in the sublimate of chrome- 
manganese steel exceeds that of the more volatile 
manganese 1.4 times. 

The circumstances in which the total amount of 
sublimate increases abruptly with temperature 
mainly at the expense of iron explains this state 
of affairs and, in particular, the decrease of the 
relative quantities of chromium and manganese, 
whose absolute values are probably rapidly increas- 
ing. Moreover, the initial content of chromium in 
the chrome-manganese steel is near to that of 
manganese but still it is approx. 3 times as much 
as the latter. * 


* Tt must be mentioned that the data given cannot claim 
high accuracy from the quantitative point of view. One 
of the main sources of error is the assumption, used 
for the determination of the ratio 5/a, that nickel takes 
no part at all in the vaporization. As follows from Fig.4 

(continued on next page) 
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ON CERTAIN CHANGES OF THE SURFACE 
OF STEEL SUBJECTED TO VAPORIZATION 
IN VACUUM 


High concentration of low-volatile metals, in 
particular nickel and molybdenum, formed on the 
surface of steel subjected to heating in vacuum 
gives rise to the supposition that the important 
properties and constitution of such a surface layer 
should substantially differ from the initial state. 

A direct verification of this supposition was 
obtained by a corrosion test in sea water of spe- 
cimens treated in vacuum. For this test specimens 
of chrome-nickel-molybdenum and chrome-manga- 
nese steels were chosen the middle points of which 
had been heated in a vacuum of 10~*mm of Hg up to 
1200°C for 5, 30 and 120 min. 

After 90 hr treatment in sea water at room tem- 
perature the specimens showed noticeable cor- 
rosion; the development of this corrosion was 
characteristic. In the chrome-manganese steel! in 
which both alloying elements are highly volatile, 
the increase in the duration of treatment in vacuum 
at high temperatures resulted in general decrease 
in corrosion resistance (Fig. 6a) which can rea- 
sonably be regarded as due to a decrease in alloy 
content of the surface. For the chrome-nickel- 
molybdenum steel all the reasons led to expect a 
diametrically opposite effect in the development 
of corrosion resistance because a substantial en- 
richment of the surface undergoing sublimation 
with nickel and molybdenum should affect very 
favourably the increase of its corrosion resistance, 
even with the fall in the concentration of chromium. 
The test confirmed this anticipation (Fig. 6b). It 
was proved that a steel containing a comparatively 
small amount of non-volatile alloying elements 
may acquire a high corrosion resistance on the 
surface after comparatively short treatment in va- 
cuum at high temperatures. 


Vaporization from the surface of steel heated in vacuum 


The sharp change in the corrosion resistance 
of a steel undergoing sublimation when heated in 
vacuum indicates a great difference between the 
changed top layer and the initial state of the 
steel. * 

Confirmation of this effect can also be found in 
the results of examination of the microstructure 
of specimens at high temperatures; these results 
have been so far regarded [19] as quite unexpected, 
newly discovered and hardly explicable features of 
metal structure at high temperatures [6, 11}. An in- 
explicable character of the growth of austenite in 
medium carbon alloy steel must be regarded as 
one of such “false effects”. Indeed, at tempera- 
tures of 1050—1100°C it often happens that over a 
previously formed shape of austenite grains a new 
independent one appears, the grain boundaries of 
which interlace with the old one and the austenite 
grains themselves turn out to be discretely grown 
in comparison to those just formed. The most pro- 
bable and more correct explanation of such an ef- 
fect is to connect it with quickly developing re- 
crystallization of austenite at the very top layer 
caused by the beginning of a very intensive vapor- 
ization of iron and a sharp change in constitution 
of the surface of the steel investigated. 

On cooling a polished section, “austenitized” 
in vacuum, in Lozinskiy’s apparatus, the marten- 
sitic decompositions of austenite can be found in 
some steels. In such tests, however, the initial 
temperature, in particular of the martensite decom- 
position varies appreciably with the preceding dur- 
ation of heating the specimen in vacuum and with 
the temperature of heating; this is in contradiction 
to the known fact of the martensite point being in- 
dependent of temperature and duration of heating. 

And what is more, a microscopic examination of 
the martensite transformation of austenite in the 
high-temperature micrographic apparatus reveals 
the unaccountable fact that very often the trans- 


(continued from previous page) 

the relative rise of the concentration of molybdenum on 
the sublimating surface of chrome-nickel-molybdenum 
steel, containing 0.33 per cent Mo, is even higher than 
that of nickel. This justifies the supposition that nickel 
passes to the sublimate after all, hence the value of 
5/a is taken a little small and =} = §/atoo high. The 
smaller tendency of molybdenum to vaporization as 
compared with that of nickel is in agreement with the 
data in Table 1. However, the comparatively small 
amount of molybdenum in steel did not justify basing 


the calculations on its changes. 


* Already after the completion of this work a report was 
published [18] which shows that when heated in va- 
cuum the surface of metal acquires within every grain 
characteristic striations corresponding to the points 
of such crystallographic faces which possess the 
highest thermodynamic stability. This fact provides 
an explanation for the observed evidence that the 
corrosion resistance of the steel] surface heated in 

(continued on next page ) 
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formation does not proceed to its end; on the struc- 
tural medium-alloy steel, even at room tempera- 
ture, inappropriately large areas of residual aus- 
tenite can be seen in the visual field with no sign 
of martensite spikes being formed. On the grounds 
of the facts established in this work one must 
conclude that these effects detected on a steel 
surface by microscopic examination are the quite 
natural consequences of sharp enrichment of the 
surface by alloying elements of low volatility, in 
particular by nickel. 

The change in alloying capacity of the steel sur- 
face layer is so great — due both to a decrease in 
concentration of volatile elements and an increase 
in the content of non-volatile elements — that it is 


no longer possible to neglect these facts when in- 
vestigating the microstructure of steel, changes in 


hardness of its surface and when inspecting the 
structure of steel subjected to tension. When a sur- 
face layer of this kind is formed in anisometric, 
magnetometric, dilatometric and other specimens 
treated in vacuum as well as when martensite 
transformations are examined under deep cooling 
of specimens previously austenitized in vaccum, 
very substantial misrepresentations are possible 
which do not permit the results of tests to be re- 
lated to the constitution of steel tested. 


CONCLUSIONS 


1. Heating in vacuum of multi-component metal- 
lic alloys, and of alloy steel in particular, is ac- 
companied by selective vaporization of metals 
which results in an appreciable change in the ini- 
tial constitution of the surface layer of the metal 


heated. 
2. Among the five elements — manganese, chro- 


mium, iron, nickel and molybdenum — constituents 
of the alloy steels investigated, manganese, then 
chromium and iron have the highest vaporization 
efficiency in vacuum (10~* mm of Hg) in a tempera- 
ture range of 700—1200°C; nickel, and especially 
molybdenum, practically take no part in vaporiza- 
tion under the conditions of the investigation. 

3. On the whole, the relative participation of the 


Vaporization from the surface of steel heated in vacuum 


(continued from previous page) 

vacuum usually increases even independently of the 
change in its constitution. However, this general rise 
of corrosion resistance is appreciably lower than the 
effect due to the change in constitution of the metal. 


constituents in the vaporization of a multi-compon- 
ent system in vacuum at high temperatures comply 
with the relative values of the vapour pressures of 
the pure constituents under the conditions of the 
test. 

4. In addition to the temperature, pressure over 
the vaporization surface and its own vapour pres- 
sure, the intensity of vaporization of a volatile 
constituent depends on its initial concentration in 
the specimen and increases for higher concentration. 

5. The change in the constitution of the surface 
layer of an alloy steel as a result of vaporization 
is accompanied by a substantial change in the pro- 
perties of the layer, in particular by a very sharp 
change in corrosion resistance; a character of this 
change is specified by the volatility of the alloy- 
ing elements and their influence on the correspond- 
ing properties of the steel. 

6. Data concerning the constitution of a steel sur- 
face in the process of vaporization render it possible 
to determine the composition of the vapour leaving 
the surface of the steel if, in the given system, 
even one element is present which does not take 
part in the vaporization or whose participation in 
the vaporization is known beforehand. 

7. The use of many vacuum layouts for investi- 
gation of the structure and properties of metals at 
high temperatures is completely out of the ques- 
tion without taking into account the changes in 
the constitution of the metal occurring in the pro- 
cess of investigation. Their use for multi-compon- 
ent systems must be very strictly limited to short 
duration of heating and in respect to the tempera- 
tures allowed, securing relative stability of the con- 
stitution and properties of the metal surface. 

The use of anisometric, dilatometric, magnetic, 
electric measurements, and of microstructural 
investigations in particular, performed in high 
temperatures in high vacuum, must inevitably 
result in a greater or smaller discrepancy of these 
measurements and examinations with the alloy 
being tested, if the above limitations are not 
observed. 


Translated by B. Cynk 
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THE PROBLEM OF THE POSSIBLE CAUSES OF NON-UNIFORM DISTRIBUTION OF 
IMPURITIES IN A CRYSTALLINE INGOT * 
B.N. ALEKSANDROV, B.I. VERKIN, I.M. LIFSHITS and G.I. STEPANOVA 
Physico-technical Institute of the Academy of Sciences of the U.S.S.R. 
(Received 7 January 1957) 


In a work [1] devoted to a study of the mechanism 
of the refining of metals from impurities by the me- 
thod of zone melting it is suggested that in the li- 
quid zone ahead of the crystallization front condi- 
tions do not favour solidification of the melt. The 
following notes on this suggestion are given and 
the possible results of this condition not being ful- 
filled are examined. 

The suggestion referred to means that ahead of 
the crystallization front T >@, i.e. on the boundary 
there must be fulfilled the condition 


a” Oz 


where 7 (z) is the actual temperature at the point 
z; Q(z) is the crystallization temperature at this 
point, depending on the impurity concentration x(z); 
z is a co-ordinate in the zone. 


Clearly 06/dz = 00/d0x. Ox/dz. 


According to equation (39) in [1] and supposing that 
c, (s) ~ c, which is perfectly correct at the moment 
that refining ceases (s > Srejax, Ss = vt/a, v is the 
rate of movement of the zone, ¢ is the time that it 

is in motion, a is the zone width), we get: 


We shall introduce the notation: A @ is the change 
in the solidification temperature of the melt due to 
the increase in impurity concentration in the zone 
compared with the initial c, determined from the 
phase diagram; D is the coefficient of diffusion of 


* Fiz. metal. metalloved. 6, No. 1, 167- 168,1958. 


the impurity in the zone; K is the distribution coef- 
ficient of the impurity. Supposing also that the im- 
purity concentration within the zone varies linearly 
from z = 0 to z = 1, we get 


(2) 


In order to estimate 07/0 z it can be assumed that 
the temperature in the zone is the maximum tempe- 
rature, whereas outside the zone it falls according 
to the square law. 


where 7, is the maximum temperature in the zone 
and d is the ingot thickness. The size of T — ® 
characterizes the overheating of the melt in the 
centre section of the zone. Inserting (2) and (3) into 
inequality (1) we get: 


If condition (4) is not fulfilled, then in a fairly 
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narrow area ahead of the crystallization front the 
melt solidifies throughout the entire volume of this 
area, and this leads to the appearance in the solid 
phase of a section with a high impurity content. 

For the lead-tin system [1] (for co ~ 1 per cent 
Sn) we know that 


K ~0,5; 4@~ 10°; 7 —@ ~ 1° 


Owing to the excellent thermal conductivity of 
lead and the low width of the zone, overheating in 
the zone is probably less than 1°. Inserting the 
data mentioned in (4), we get A ~ 0.5. Consequent- 
ly inequality (4) is considerably weakened and it 
can be expected that the impurity will periodically 
become enclosed in the solid phase. Contact radio- 
graphy of a Pb-Sn*** ingot [1] showed a large amount 
of transverse bands corresponding to the presence 
in these metals of an excess of Sn impurity. 


Translated by R. Hardbottle 
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A NEW METHOD OF DETERMINING SINGLE-CRYSTAL MAGNETOSTRICTION CONSTANTS * 
G.P. D’YAKOV 


Moscow M.V. Lomonosov State University 
(Received 5 March 1957) 


It was shown in a paper [1] that using the law of 
approach to saturation it is possible to determine 
a number of very important constants of ferromagne- 
tic bodies that cannot always be measured directly 
on single crystals on account of the great difficulty 
of obtaining them. 

Calculations carried out in [1] showed that in the 
range of strong magnetic fields magnetostriction 8 OK 
must obey a law of the form 7 — Argo)» 

s 


where 


(1) 


From expressions (4), (5) and (6) it follows that if 
the experimental values of the magnetostrictive 
susceptibility of a polycrystalline material are 
known, the single-crystal magnetostriction const- 
ants Aigo and A,,, can be determined. In order to 
check these conclusions, measurement was carried 
out on the magnetostrictive susceptibility of nickel. 
Hence by differentiating according to H we shall The objects ennai were iain of nickel 150 
find an expression for the magnetostrictive sus- om long, 10am wide and'0,1 sim thick. 

ceptibility The annealing conditions selected were such that 
crystallographic texture was entirely absent from 
the material. Texture analysis was carried out by 
the magnetic moment. For this purpose curves were 
plotted of the mechanical moments. The magneto- 
gram of the material investigated is shown in Fig. 
2. It follows from Fig. 2 that after annealing the 


Multiplying both sides of expression (2) by H? and 
inserting the values of A and B we get: 


2k? 1 
— Aree) + — (3) 
2 H 


crystallographic texture was completely absent 
from the material from which a disk and the strip 
* Fiz. metal. metalloved. 6, No. 1, 168- 170,1958. investigated had been cut. 
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FIG. 1. 


The magnetostriction measurements were carried 
out by means of a tensometer (resistance strain 
gauge) and a photoelectric optical amplifier, that 
considerably increased the sensitivity of the appa- 
ratus. This made it possible to measure the magne- 
tostrictive susceptibility with great accuracy. 

The results of the measurements are shown in 
Fig. 1. It will be seen from the diagram than in con- 
formity with equation (4) the magnetostrictive sus- 
ceptibility in strong magnetic fields is a linear 
function of 1/H. The straight line obtained cuts off 
along the ordinate axis a section in conformity with 
the first term of equation (4). The size of this sec- 
tion a = — 50. 10°. The tangent of the angle of in- 
clination shows that the size of b= — 1.4. 10". 
Assuming for nickel the values 


K=5. 10 erg/cm’, J; = 500 gauss, 


then, knowing from experiment the values a and b 
we can determine the single-crystal constants A,00 
and A,,, from equations (5) and (6). The values 
obtained in this way for nickel were 


= — 49. 10°, = — 27. 10° 


The values of A,oo and A,,, obtained in this way 
are in complete satisfactory agreement with experi- 
mental data of the direct measurement of these cons- 
tants on single crystals [2]. 

Thus the correctness of our method of determin- 
ing the single-crystal magnetostriction constants 
from measurement on polycrystalline specimens is 


confirmed. 

In deriving the law of the approach to saturation 
for polycrystalline materials [1] we considered the 
average magnetostriction of an isolated single crys- 
tal. It is necessary to know, however, whether the 
equation of an isolated single crystal can be applied 
to the microscopic single crystals that go to form 
the metals ordinarily used in engineering; or does 
interaction between these single crystals play such 
an important part that the law of approach to satura- 
tion is not applicable to ordinary polycrystalline 
materials ? 

This problem is certainly of great fundamental 
significance. Neel [3] was the first to assess the 
effect of magnetic interaction between small crys- 
tals. His calculations show that at a first approxi- 
mation the effect of magnetic interaction may be 
allowed for in the law of approximation of magne- 
tostriction for independent small crystals by multi- 
plying the ‘group of terms containing the magnetic 
field by a constant coefficient G,. For anisotropic 
materials, in the range of fields that we are consi- 
dering, the factor G,, as Neel [3] showed is near to 
1/2. Thus magnetic interaction between small crys- 
tals must cause a decrease in magnetostrictive 
susceptibility. 

On the other hand, in polycrystalline materials 
the mechanical forces and the elastic properties of 
the material vary from place to place in relation to 
the crystallographic orientation of the individual 
crystals. As Vladimirskii [4] showed, this must 
affect the amount of magnetostriction. It follows 
from his calculations that mechanical interaction 
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FIG. 2. 


leads to an increase in the saturation magnetostric- 
tion. On using the method described for the range 
of fields near to saturation, then at a first approxi- 
mation the group of terms containing the field must 
be multiplied by the term G, allowing for mechanic- 
al interaction. With this allowance expression (1) 
becomes 


Our investigation of the magnetostrictive sus- 


ceptibility of nickel showed that equation (1), that 
was derived without allowing for magnetic and me- 
chanical interaction, is confirmed satisfactorily by 
experiment. Nevertheless it is difficult to conceive 
that the effect of magnetic interaction on the ma- 
gnetostrictive susceptibility is fully compensated 
by the smaller effect of the mechanical interaction. 
It is apparent that the physical premise (of the 
presence of free magnetic charges at the grain 
boundaries) used by Néel [3] as the basis for his 
calculation of magnetic interaction is quite appro- 
ximate and is not confirmed by experiment. 


Translated by R. Hardbottle 
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THE POSSIBLE EFFECT OF ELECTROMAGNETIC RADIATION ON THE ELECTRICAL 
CONDUCTIVITY OF ELECTRONIC CONDUCTORS * 
V.M. ELEONSKII and P.S. ZYRYANOV 


Ural S.M. Kirov Polytechnical Institute 
(Received 26 March 1957) 


Interaction of longitudinal and transverse vibra- where eZny is the charge density of ions compensa- 
tions in a uniform electron plasma of conductors is ting the electron charge. Assuming that 
absent at a linear approximation only when the elec- 
trons have a spherically symmetrical distribution ac- 
cording to speed. If, however, a direct electrical 
current flows along the conductor then the distribu- we get a system of equations equivalent to (1): 
tion of electrons according to speeds will not be ee 
spherically symmetrical, and this in turn leads to 
interaction between the transverse and longitudinal 
vibrations of the plasma. In metals electron vibra- 
tions cannot be excited by thermal movements, since | 
the energy of a quantum of these vibrations hw, is 
large compared with the energy of thermal movement 
kT. However, if a metallic specimen along which 
there flows current, frequency @ > Wo, is irradiated, 
then the transverse field in the specimen will exci- 
te longitudinal vibrations of the plasma. Scatter of 
conducting electrons on these longitudinal vibra- 
tions leads to an increase in the electrical resisti- 
vity of the specimen. Conclusions concerning the Equation system (2) permits an accurate solution 
occurrence of such an effect can be drawn from the of the fem: 
calculations given as follows. 

We shall describe a system of electrons interact- 
ing through self-congruent fields by the system of 
equations 


j= (r, exp [i[h S; (r, 


Pj = Po = const; = const; 0; 
Ay #0; DV #0, 
i 


near which it is possible to linearize (2). The solu- 
+ tion of the equations linearized in this way can be 
found in th fa pl siti 
A dabei . ound in the form of a plane wave superposition. 
Simple calculations give the following equations 


for the movement of electromagnetic fields in a 
(1) | 


Fourier form: 


4ne 
mc? 


DAY, 


Ag = 


(3) 


2 
bivA +—o=0, — k — pn2ks/4m2 


pe a, 
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c#k? — 4ne%k? 


A 
*_ 


where Ak, and Ax, | are the longitudinal and 
transverse vector-potentials (the mean according to 
polarization) and 


> 
are the unit polarization vectors perpendicular to k. 
It is found from equations (3) that if 
=0, 
there is no interaction between the longitudinal and 


transverse fields, and here well known quantum 
dispersion equations are obtained. 


then the longitudinal and transverse fields interact. 
In the case where 

> k? (w3 = 4nxe?n/m) 
the term for the interaction of the Ax, | and Ax, |j 
fields assumes a simple form. Another note will 
deal with the quantitative estimation of the effect 
of electromagnetic radiation on the electrical resis- 
tivity of a conductor. 


Translated by R. Hardbottle 
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STUDY OF RECRYSTALLIZATION IN PURE COPPER BY THIN PRIMARY X-RAY BEAMS* 
V.I. ARKHAROV and F.L. SHANGAREEV 
Physics of Metals Institute, Urals Department of the Academy of Sciences of the U.S.S.R. 
(Received 17 July 1957) 


In work [1] a study was made of recrystallization 
in electrolytic chromium using thin primary X-ray 
beams, and it was established that this method re- 
veals recrystallization in a sample when such re- 
crystallization cannot be detected by a thick beam 
[2]. Insofar as electrolytic chromium was studied 
in [1], and in the case of this metal cold hardening 
takes place in the crystallization process, it was 
interesting to test this method on metals or alloys 
which are cold hardened by external mechanical 
treatment. Pure (99.99 per cent) copper was select- 
ed for this purpose. Copper recrystallization has 
been studied previously by many workers [3 — 9]. 
In [3 — 8] commencement of crystallization was 
observed at 200- 275°C, depending on the type and 
extent of deformation from 40 to 80 per cent; how- 
ever, in [9] recrystallization commenced at 155- 
230°C under conditions of torsion deformation from 
2.217 x 27 to 0.69 x 2 7. 

In our experiments the pure copper was subject- 
ed to deformation by rolling to 75 per cent and 50 
per cent. Annealing at relatively high temperatures 
was carried out in an evacuated quartz tube; low 
temperature annealing was carried out without 
evacuation, in air. Annealing temperature was 
checked by means of mercury thermometers. Table 
1 shows the temperature and duration of annealing 
in our experiments. As described in [1], the samples 
were subjected to X-ray examination after each 
annealing. Broken Debye lines indicate the de- 
velopment of recrystallization. The results are 
shown in Table 2. 

The following results were obtained from X -ray 
study of 99.99 per cent pure rolled copper. 

1. Recrystallization in copper commences at a 
lower temperature than that shown in an earlier 
work; where annealing is prolonged, recrystalliza- 
tion may become apparent at temperatures at least 


about 100°C. 
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2. The use of a thin primary beam in X-ray study 
of the processes of recrystallization makes it pos- 
sible to detect earlier stages in recrystallization 
than are apparent when a thick beam is used. 

3. The commencement of recystallization can 
have no connexion with a fixed temperature; the 
nominal temperature at which recrystallization com- 
mences must be regulated by the duration of anneal- 
ing and the method used to detect signs of recrys- 
tallization. In particular, the transverse dimensions 
of the primary beam must be taken into account 
when the X-ray method is used. 


Translated by R.E. Hammond 
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75 per cent deformation 


50 per cent deformation 


Experiment 
No. 


Annealing 
temperature, 


Annealing 
time. hr 


Experiment 
No. 


Annealing 


temperature 


Annealing 
time, hr 


TABLE 2. 


Experiment 
No. 


Degree of 
dotting of 
Deby lines 


Experiment 
No. 


Degree of dotting 
of Debye lines 


Dotting 
occurs 
Solid line 
Dotting 
occurs 


Solid line 


Noticeable 
dotting 
Noticeable 
dotting 

Solid line 


Noticeable 
dotting 


Noticeable 
dotting 

Solid line 

Solid line 


Noticeable 
dotting 
Noticeable 

dotting 
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TABLE 1. 
— 
& 
160 1 160 l 
2 120 1 8 120 1 
3 120 6 9 120 6 
4 105 6 
5 95 65 10 95 65 
6 80 130 
VOL. 
6 
beam beam 
mm mm 
1 0.5 7 0.5 
2 0.5 8 0.5 
3 0.5 9a 4 0.5 
4a 0.5 b { 0.15 
b { 0.15 10 
5 0.5 
6a 0.5 
b 0.1 


THE BREAKING STRENGTH OF HARDENED STEELS ON GENERAL NON-UNIFORM 
COMPRESSION * 
E.E. SURIKOVA and F.S. SAVITSKII 
Sverdlovsk Branch of the All-Soviet Scientific Research Institute for Engineering 
(Received 9 August 1956) 


1. From the results of strength tests in the plane 
stressed condition on brittle materials (gypsum, 
glass) it was possible to explain the pre-eminence 
of the First strength theory over the Second theory 
{1, 2]. The First theory is not applicable in the 
field of the stressed conditions of general compres- 
sion. In order to compare other strength theories 
with the following experiment, the results are giv- 
en of compression tests in plastic rings Gucething 
to the method in [3], using cylindrical specimens of 
hardened and low-temperature tempered U8A and 
U12A steels (Rc = 60-63). In order to check the 
measurement results, tests were made on specimens 
in a high-pressure chamber. Loading in both cases 
was simple [4]. 

In Fig. 1 is shown the breaking curve of U8A 
steel with the co-ordinates 0; and q/p, where oj 
is the intensity of stressing, q is the axial stressing 
and p the lateral pressure. The breaking curve for 
U12A steel is very similar, except that the experi- 
mental points exhibit somewhat greater scatter. 

The experimental points correspond to the final 
points of the true 0; — e; deformation diagrams where 
¢; is the intensity of deformation. Curve A is plot- 
ted for the case when ¢; is the sum of the elastic 
and plastic deformation, curve B for the case when 
& is the residual deformation. The discrepancy 
between curves A and B indicates that ignoring the 
elastic deformations [3] may lead to considerable 
errors in estimating the breaking strength of harde- 
ned steels. 

The breaking strength on uniaxial tension of a 
test specimen having a test area of the same dim- 
ensions as the cylinders for general compression 
testing is equal to Rp = 150.2 kg/mm’. The break- 
ing strength on uniaxial compression (through frac- 
ture, with cracking, of the parallel axis of the 
cylinder) equals Rc = 307.2 kg/mm?. This corres- 
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ponds to the ordinate of the horizontal asymptote 
to curves A and B. 

2. The Second strength theory corresponds to the 
condition of constant maximum positive elongation. 
Introducing the notation 0; = y, g/p = x, we get the 
limiting line of failure for general non-uniform com- 
pression in the form: 


Ry(x—1) 


(1) 


where v is the coefficient of lateral compression. 

If, in view of the external appearance of the 
fracture, failure is considered to be brittle [5] 
(v < 0.3) then considerable divergence is found 
from experiment, starting already with uniaxial com- 
pression. Therefore, following [6], we shall reckon 
v > 0.3. From [1] for uniaxial compression (for x +) 
we have 


(2) 


Inserting in (2) the values Rp and Rc given above, 
we get V = 0.49. The limiting line of failure drawn 
according to equation (1) for v = 0.49 is shown in 
Fig. 1, curve II. The latter diverges noticeably 
from experimental curve A. 

3. The Third and Fourth strength theories, cor- 
responding to the condition of constant maximum 
and octahedral shear stresses, give straight lines 
for the (x, y) planes and thus disagree with experi- 
ment. 

The condition of failure according to the Third 
strength theory can be written in the form 


— = C, + Cy (5; + 95), 


where o, > 0, > ay are the principal stresses and 
C, and C, are constants. For the case of general 
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As will be seen from Fig. 1 (curves III and IV), 
equations (3) and (5) give approximately the same 
results, much nearer experiment than the Second 
strength theory. 
y= Ste? ; (3) 4. We shall consider the limiting failure line ac- 
c—l+ G+) cording to the statistical strength theory [7]. The 
corresponding condition of failure for general com- 


where C, and C, are defined according to the results pression is: 
of uniaxial tension and compression tests as: 


compression on the (x, y) planes the failure condi- 
tions will have the form (Fig. 1, curve III) 


%Rp(x—1) 


R y= 


Similarly for the generalized Fourth strength theory 


aj = By + By (3; + 82 + 33) 


for the (x, y) planes we get (in Fig. 1, curve IV): 
Equation (7) for v = 0.5 is represented in Fig. 1 


by curve C that practically coincides with curves 


B,(x—1) III and IV. Thus, three strength theories on general 
aie l (5) non-uniform compression give approximately identic- 
+ 2) al results. 
It should be noted that the theories mentioned 
disagree substantially in the field of plane stressed 
Here the constants B, and B, are also defined ac- conditions and, especially, of general tension. Sta- 
cording to the results of tensile and compression tistical theory for plane and general tension practi- 
tests as cally coincides with the First strength theory that, 
as is well known, [1, 2, 8,] approaches nearer than 
the other technical theories to experiment in this 
i= field of stressed conditions. Consequently, other 
pt Re pt+Re conditions being equal the statistical strength 
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theory is more universal than the generalized tech- external loading and the ordinary structural non- 
nical strength theories. uniformities of the materials. Breaking of the spe- 

5. If on uniaxial compression specimens in the cimen through shear is the result of a large number 
tests described failed through fracture, then on of microscopic shears caused previously by earlier 
general compression in addition to fracture there plastic deformation [9]. Thus the microscopic me- 
also occurs shear at an angle of about 45° to the chanism of the breaking of materials remains exact- 
axis of the cylindrical specimen. It is difficult to ly the same for all methods of loading the specimens, 
explain fracture on general compression from the starting with general compression and ending with 
viewpoint of the Third and Fourth strength theories general tension. 
and generalizations of these. Nevertheless, the 
presence of two types of failure does not contra- 
dict statistical theory, where failure is ascribed 


to the microscopic tensile stresses produced by Translated by R. Hardbottle 
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THE ELECTRICAL CONDUCTIVITY OF A CHROMIUM-ANTIMONY 
ANTIFERROMAGNETIC COMPOUND * 
1.G. FAKIDOV and A. YA. AFANAS’EV 


Institute of Metal Physics of the Urals Branch of the Academy of Sciences of the U.S.S.R. 
Sverdlovsk State Pedagogic Institute 


(Received 26 June 1957) 


The temperature relationship of the electrical 
resistivity of the alloy CrSb was studied in the 
temperature range from room temperature to 540°C. 
A maximum of p was found near the Neel tempera- 
ture. 

In the chromium-antimony system of alloys there 
are two chemical compounds [1], CrSb and CrSb,. 
The second is formed peritectically and, as Abri- 
kosov and Bankina [2] showed, has semiconductor 
properties. The compound CrSb is formed directly 
from the liquid phase at 1100°C and has a lattice 
of the NiAs type, the parameters of which are given 
in (3, 4]. In one of these papers [3] a study was 
made of the change in the lattice parameters with 
temperature in the temperature range from 196 to 
650°C. The author showed that near a temperature 
of 400°C an anomaly of thermal expansion is observ- 
ed when the value of the principal ratio of the lat- 
tice parameters c/a increases from 1.335 at room 
temperature to 1.422 at 420°C, from which it is con- 
cluded that the temperature 7 = 420 + 10°C is the 
temperature of the antiferromagnetic transition. 

It has been established without doubt from ma- 
gnetic investigations [4], and also from neutron 
diffraction investigations [5, 6] that antiferroma- 
gnetic moment orientation is present in the com- 
pound CrSb. 

On the graph of the temperature dependence of 
the magnetic susceptibility [4] at 400°C there is 
found a minimum that is characteristic of antiferro- 
magnetic materials. However in [5, 6] the Neel 
temperature is taken as Ty = 450°C. Since the 
neighbouring ordering does not disappear at the 
same time throughout the whole volume of the spe- 
cimen on the antiferromagnetic transition, the ma- 
xima on the curve are diffuse and thus it is diffi- 
cult to determine Ty accurately. 
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Magnetic transformations lead to a change in the 
electron interaction, that cannot help but affect 
the electrical properties of the material, since they 
are governed basically by the behaviour of the s- 
electrons. This indicates that a combined investiga- 
tion of the electrical, galvanomagnetic and magnetic 
properties of alloys may give much valuable inform- 
ation concerning their properties from the point of 
view of understanding the mechanism of the magne- 
tic and electrical behaviour of alloys based on tran- 
sition metals. Several authors [7] have carried out 
investigations of this kind on some antiferromagne- 
tic materials. 

The initial materials that we used to prepare the 
compound CrSb were 99,98 per cent pure Sb and 
99,93 per cent pure Cr. The gases were removed 
from the chromium by lengthy heating in a high 
vacuum at 1000°C. The compound CrSb (70.07 per 
cent Sb) was obtained by melting chromium and an- 
timony in corundum crucibles under a layer of flux 
consisting of a mixture of equal amounts by weight 
of three salts: KC1, NaC] and CaCl,. Melting took 
place in a high-frequency furnace. In order to reach 
equilibrium the melt was held at a temperature of 
1000-1100°C for several hours and the temperature 
was lowered gradually. On passing through the re- 
gion of 400°C the crucibles generally broke. As a 
result of melting in this way beads of the alloy 
were obtained with a shiny surface. The results of 
a chemical analysis showed a Cr content of 29.67 
per cent, that indicates a slight deviation from the 
stoichiometric composition (29.93 per cent).Speci- 
mens of the alloy in the form of parallelepideds were 
cut using corundum disks. The surface of the spe- 
cimens was ground and onto it were welded by con- 
denser discharge copper leads for the passage of 
current and potential probes. During measurement 
the specimen was in argon. 

Fig. 1 shows the temperature dependence of the 
specific resistivity of the alloy CrSb. It will be 
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seen from the figure that in the temperature range 
of the Neel temperature 7'y = 425 + 5°C a maximum 
is observed in the electrical resistivity. Up to the 
temperature of the antiferromagnetic transition the 
temperature relationship of the electrical resistivi- 
ty is that of a metal, whereas above 7 the tempe- 
rature coefficient of the resistivity has a sign that 
is characteristic of semiconductors. 

The possibility of a connexion between the elec- 
trical and magnetic properties of metallic and semi- 
conductor materials has already been studied by 
Heikes [8], on the basis of very general theoretical 
representations. In Heikes’ opinion, an antiferro- 
magnetic material must be an insulator. 

An especially definite connexion between the 
magnetic and electrical properties is also seen in 
the chromium-sulphur system, in which an experi- 
mental investigation [9] showed that the occurrence 
of ferromagnetism is connected with the metallic 
state of the material. In fact, antiferromagnetic spe- 
cimens of chromium sulphides have an electronic 
energy spectrum that is characteristic of semicon- 
ductors. This, and also the temperature dependence 
of the electrical resistivity of the compound CrSb 
observed by us, may be explained from the work of 
Irkhin [10], according to which on the appearance 
of antiferromagnetic ordering there is a sharp fall 
in the activation energy of the current carriers, as 
a result of which a semiconductor may transform 
into the degenerate condition [11]. The latter in- 
dicates that below the Neel temperature the elec- 
trical conductivity should be metallic in character. 

However, for a closer study and understanding 
of these problems further investigations and a 


100 200—S 300 


v00 500 500°C 


sufficient amount of experimental data are required. 
In particular, the galvanomagnetic properties are 
of great interest and are being studied by us at 
present. 


Translated by R. Hardbottle 
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THE PROBLEM OF BONDING FORCES IN MARTENSITE CRYSTALS * 
V.K. KRITSKAIA, N.M. NODIA and YU.A. OSIP’YAN 
Institute of Metallography and Metal Physics of the Central Scientific Research Institute of Ferrous Metals 
(Received 29 October 1956) 


It was shown in [1-4] that solution of carbon in 
a-iron causes a change in the bonding forces in 
martensite crystals compared with the bonding 
forces in the a-iron lattice. In these papers the 
bonding forces were estimated by means of X-ray 
examination, making it possible to determine direct- 
ly changes in the mean-square amplitude of thermal 
vibrations \ on change in temperature from 7’, 
to T,, and also the amount of deviation of the atoms 
from the equilibrium position due to thermal vibra- 
tions @?, and the magnitude of the characteristic 
temperature ©, These papers also give a method 
for determining Oand 

It was shown that the displacements of the atoms 
on thermal vibration are greater in the martensite 
lattice than in the a-iron lattice, and that it increa- 
ses with rise in carbon concentration. Therefore, 
the force returning atoms into the equilibrium posi- 
tion is lower in the martensite crystals than in the 
iron crystals. The investigation was made on a 
series of specimens of carbon containing 0.08-1.0 
per cent carbon. 

In Fig. 1 is shown the relationship of the charac- 
teristic temperature to the carbon content in mar- 
tensite. The presence in the solid solution of 0.1 
per cent carbon has no significant effect on the 
magnitude of the bonding forces — the characteris- 
tic temperatures of pure a-iron and of martensite 
with a carbon content of 0.1 per cent are practical- 
ly identical. However, an increase in the carbon 
concentration to 0.35 per cent considerably lowers 
the characteristic temperature (@falls from 430 to 
390°). 

Further increases in the carbon content of the 
martensite lead to still greater reduction in the in- 
teratomic bonding forces (at 1 per cent carbon the 
characteristic temperature of martensite is 360°). 

In the present work the bonding forces in the mar- 
tensite lattice were investigated also by the method 
of measuring the elastic modulus. The elastic 
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FIG. 1. Variation in the characteristic temperature of 
hardened carbon steel with the carbon content. 


modulus was determined from measurements of the 
resonance frequency of the elastic longitudinal vi- 
brations of a steel specimen 


981 19+5 (kg/mm?), 


where / is the length of the rod, F the natural fre- 
quency of the longitudinal vibrations, and p is the 
density. 

Vibrations were produced with the aid of a LIG- 
40 sound generator. The results obtained showed 
that the change in the elastic modulus of martensite 
with increasing carbon content in the solid solution 
takes place in the same direction as the change in 
the characteristic temperature. 

In Fig. 2 is shown the relationship of A E/E to 
the carbon content in the martensite 


A E = Enard — Eann 
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FIG. 2. Relative change in the elastic modulus of 
hardened carbon steel in relationship to the 
carbon content. 


where Ehard is the Young’s modulus of hardened 
steel and Eann that of annealed steel of the same 
composition. It follows from Figs. 1 and 2 that the 
nature of the variations in @ and AE/E is complete- 
ly identical. Just as in the case of the character- 
istic temperature, the elastic modulus of martensite 
containing 0.1 per cent carbon does not change in 
relation to the modulus of pure iron, but it decreases 
at higher carbon contents. 

The variation was studied in the characteristic 
temperature and in the elastic modulus with the 
tempering temperature of hardened steel. 

The characteristic temperature of martensite con- 
taining 1 per cent carbon was determined by X-ray 
examination of hardened specimens and of speci- 
mens tempered at temperatures of 200, 280, 400, 
450 and 680°C. Specimens containing 0.84 and 0.1 
per cent carbon were studied after tempering at 
200°. 

It was found that the characteristic temperature 
of martensite tempered at 200°C is practically the 
same as the 0 of a-iron i.e. it is 430°. Further 
tempering of hardened specimens at higher tempera- 
tures (at 280, 400, 450 and 680°) gives (within the 
limits of experimental error) the same results, ~ 
430° for the magnitude of @. 

In Table 1 the experimental data for the ratios 
of the intensities measured at two temperatures 
are given 
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FIG. 3. Variation in the characteristic temperature 
of hardened carbon steel (U-10) with 
tempering temperature. 


and the values obtained from them of the character- 
istic temperature of martensite tempered at differ- 
ent temperatures. The graphical relationship of 6 to 
the tempering temperature for martensite containing 
1 per cent carbon is shown in Fig. 3. 

It follows from the data obtained after tempering 
a hardened high carbon steel (1 and 0.84 per cent C) 
by holding for 2 hr at 200°, that carbon remaining 
in solid solution has no significant effect on the 
bonding forces between the iron atoms. 

The results of measurement of the elastic modu- 
lus of hardened steel, tempered at different tempera- 
tures, are shown in Fig. 4. The graphs of the varia- 
tion in Young’s modulus in relation to the tempering 
temperature for steel containing 0.92, 0.76, 0.55 
and 0.29 per cent carbon show that the slope of the 
curves in the temperature range 100- 200° is consi- 
derably greater (especially for high-carbon steels) 
than at higher tempering temperatures. Tempering 
at 100° (holding for 2 hr) hardly changes the magni- 
tude of the modulus of hardened steel, although 
after lengthy holding of specimens at room tempera- 
ture (for 3 months) the Young’s modulus of hardened 
steel rose slightly; for steel containing 0.76 per 
cent carbon the change in the modulus is 0.5 per 
cent, for steel containing 0.55 per cent carbon it is 
0.2 per cent, and for steel containing 0.29 per cent 
carbon it is 0.15 per cent. 

On account of the high sensitivity of the method 
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TABLE 1. 


Carbon content, per cent 


0.35 0.10 (a-iron) 


beni * 6,°C 


ae a2 


390 | 1.26 | 435 1.27| 430 
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Tempering temperature, °C 


FIG. 4. Graphs showing change in the elastic modulus of hardened carbon steel 
with different carbon contents in relation to tempering temperature. 


(1) 0.3; (2) 0.55; (3) 0.76; (4) 0.92 per cent carbon 


of measuring the elastic vibration frequency it is per cent). 
possible to determine with great accuracy small The results of the study of high temperature 
variations in the Young’s modulus (the error in de- tempered carbon steels show that the magnitude of 
termining the relative values of the moduli does not the Young’s modulus is affected by the presence of 
exceed 0.1 per cent). a second phase (carbides). Thus, measurement of the 
On measuring the characteristic temperature by E in steel specimens containing 0.09, 0.29, 0.55, 
means of X-ray examination, the accuracy in de- 0.76, 1.09, 1.39 and 1.57 per cent carbon and tem- 
termining ©? is much lower (the error is about 10 pered at 650° showed that the Young’s modulus 


164 
a, a, | a, | 
22 ay 
1,27 | 430 | | 
200 | 1.27 | 430° | | 
280 | 1.24 | 450° | | 
400 | 1.25 | 440° | 
450 | 1.26 | 435° | 
680 | 1.27 | 430° | 
; | y | 6 
| | 
| | | 
| | | 
100 700 


Letters to the Editor 


21500 


2/400 


21300 


2/200 


ui 2//00 


2/00 


9 


2090: 


20800 05 04 06 07 08 ODIO! 1d 14 15 16 
Carbon content, % 


FIG. 5. Change in the Young’s modulus of annealed steel in relation to 
the carbon concentration. 


falls with increasing carbon concentration in steel. 
The difference in magnitude of the E for steels con- 
taining 0.1 and 1.57 per cent carbon is about 2.5 
per cent. 

In Fig. 5 are shown the results of measuring the 
E in relation to the carbon content for steels tem- 


pered at 650°. 

In comparing the results of the determination of 
the @ and E it is essential to bear in mind the fol- 
lowing: determining @ by means of X-ray examina- 
tion makes it possible to find the characteristics 
of the bonding forces in the individual small cryst- 
als of the phases constituting the alloy. The magni- 
tudes of the E obtained from measuring the mecha- 
nical properties or from measuring the resonance 
vibration frequencies give the mean characteristics 
of the specimen. Thus heterogeneity of the struc- 
ture here plays an important part. 

The characteristic temperature determined by the 


X-ray method gives (compared with the results of 
determination of the magnitude of the bonding 
forces by other sential} the truest representation 
of the interatomic reaction forces in the crystal 
lattice of the phase from which the X -ray reflection 
intensity is measured. 

In this case it is the microscopic areas of the 
metal or alloy that are studied and the different 
macroheterogeneities of the material and the struc- 
tural changes (e.g. breakdown of continuity — 
pores, cracks, the presence of a second phase, 
texture etc.) do not affect the results of determin- 
ing the @. Such characteristics of the bonding © 
forces as the elastic modulus depend (sometimes 
very greatly) on the condition of the specimen 
being studied as a whole. 


Translated by R. Hardbottle 
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THE EFFECT OF NOTCHES ON BENDING * 
YU. E. BONDAREV 
West-Siberian Branch of the Academy of Sciences of the U.S.S.R. 
(Received 15 September 1956) 


On bending by plastic deformation it is not the 
whole of the test specimen that is affected, but 
only a certain part of it, called the deformed volume. 
The nature of the deformation distribution in the 
various sections of the test specimen depends on 
the size of the deformed volume. All the factors 
that lower the deformed volume at the same time 
increase the non-uniformity of the deformation dis- 
tribution within the limits of the deformed volume 
and the absolute magnitude of the deformations, as 
a result of which the test specimen breaks at a 
lower angle of curvature [1]. In the work mentioned 
it was shown that the size of the deformed volume 
is affected by the capacity of metals for relative 
strengthening, that is characterized by the uniform 
elongation 5, and by the ratio of the sides of the 
specimen cross-section. It was found that variation 
in the ratio of the sides of the cross-section is 
most pronounced in metals exhibiting a low uniform 
elongation and is less pronounced in metals with 
a large uniform elongation. Thus the effect of the 
geometrical factor is directly connected with the 
mechanical properties of the metal. 

Another very important geometrical parameter is 
the notch. It was of interest therefore, to find out 
whether the effect of a notch is connected with the 
uniform elongation of metal. The investigation was 
made on standard-size notched and unnotched im- 
pact test specimens of rectangular section. The 
deformed volumes were determined by means of a 
graduating network of square mesh with a 1 mm 
base, using an instrument microscope. 

In Fig. 1 is shown the variation in the deformed 
volumes with increase in the angle of curvature of 
unnotched specimens of metals of different uniform 
elongations. Each point was plotted from the results 
of tests on three identical specimens. The top cur- 
ve is that of brass annealed at 700°. The bottom 
curve is that of hardened and tempered 40Kh steel. 
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FIG. 1. Variation in the deformed volumes of unnotched 
specimens: 
1 — Brass, annealed 700° 5, = 0.98; 
2 — Brass, annealed 400° 55 = 0.64; 
3 — Aluminium, 5, = 0.38; 
4—220steel, 5, = 0.23; 
5 — 3 steel, Sb = 0.16; 
6 — 40Kh steel, 5p = 0.06. 


The position of the curves of the variation in the 
deformed volumes of all the other specimens is in 
strict accordance with the size of the 5. 

In Fig. 2 are given the results of similar tests on 
notched specimens. On comparing the curves relat- 
ing to a single metal it is seen that notches diminish 
the absolute value of the deformed volumes for all 
metals. Within the limits of accuracy of measure- 
ment the difference in the deformed volumes was not 
great enough for the points to fall along a single 
curve. 

As was to be expected, the decrease in the de- 
formed volumes led to a pronounced rise in the de- 
formations and to a sharp non-uniformity in the de- 
formations in the area of the notch. The results of 
measurement of the deformation of the network mesh 
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FIG. 2. Variation in the deformed volumes of notched 
specimens: 


1 — Brass, annealed 700°; 
OL. 2 — Brass, annealed 400°; 
6 3 — Aluminium; 
958 4 — 40Kh steel. 
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FIG. 3. Distribution of deformations of fibres stretched 
to the limit in unnotched and notched specimens. 


in notched and unnotched steel specimens bent 
through identical angles are given in Fig. 3. It will 
be seen from the figure that the notch decreased by 
four-fifths the length of the section of fibre stret- 
ched to the limit through plastic deformation and 
trebled the maximum deformation. This shows that 
notches do not lower the ductility of metals, they 
only localize the plastic deformation in a small 


section of the length of the specimen and thus lead 
to its failure at a lower angle of curvature. Pashkov 
[2] found that the elongations in the notch amount 

to 130-150 per cent. The deformation measurements 
reported in the present paper confirm Pashkov’s con- 
clusions. 

The effect of notches on metals of different uni- 
form elongations can be seen from Fig. 4, that shows 
the ratios of the deformed volumes of notched and 
unnotched specimens for equal angles of curvature. 
Here too a characteristic order is visible in the posi- 
tion of the curves, corresponding to the sizes of the 
uniform elongations of the metals. Notches had the 
least effect on the deformed volume of brass 5, = 
0.98, and the greatest on that of steel. This observ- 
ation is of vital interest in studying the effect of 
notches on metals. In the very large number of works 
dealing with notches, generally no attention is paid 
to the dimensionless parameter of ductility, uniform 
elongation. Nevertheless, experiment shows that 
there is a very close connexion between the effect 
of notches and uniform elongation. 


W 
Q8 


FIG. 4. Ratio of deformed volumes of 
notched and unnotched 
specimens: 

1 — Brass, annealed 700°; 

2 — Brass, annealed 400°; 

3 — Aluminium; 

4 — 20 steel; 
5 — 40Kh steel. 


Translated by R. Hardbottle 
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THE CHARACTER OF INTERATOMIC BOND FORCES IN IRON-ALUMINIUM ALLOYS * 
S.A. NEMNONOV and K.M. KOLOBOVA 


Institute of Metal Physics, Urals Section of the U.S.S.R. Academy of Sciences 
(Received 5 August 1957) 


While analyzing data indicating a reduction of 
the index of asymmetry of certain spectral lines of 
iron, depending on the concentration and valency 
of the transition element (aluminium and zinc), for- 
ming part of an iron-base alloy [1], the authors rea- 
ched a conclusion that some of the outermost elec- 
trons of the atoms of aluminium or zinc, entering 
the assembly of electrons of a crystal, can penetrate 
the 3d-band of the iron atoms; in this way, they can 
reduce in that band the number of uncompensated 
spin electrons which determine the magnitude of the 
index of asymmetry, Kq,, of a spectral line, and 
the magnitude of the mean atomic magnetic mo- 
ment of the alloy. In this connexion, a hypothe- 
sis was postulated that in iron-aluminium alloys, 
apart from a bond of the metallic type, there 
was also an ionic component of the interatomic 
interaction, whose role should increase with in- 
creasing aluminium concentration. 

In the present investigation a study was made of 
the fine structure of the K-spectra of absorption of 
iron in iron-aluminium alloys of the same composi- 
tion (9.9, 17, 25, 50 and 75 at. per cent of alumin- 
ium) and after the same heat treatment as in the pre- 
vious work [1]. The absorption spectra of iron were 
obtained with the absorbent at room temperature. 
The linear dispersion (reflecting plane of quartz 
(1340)) amounted to 2.5 XE/mm. 

In Fig. 1 are shown the curves of the fundament- 
al K-edge of absorption of iron, converted from the 
blackening to intensity ( — p/p = log /), for metal- 
lic Fe and three alloys: Fe,Al, FeAl and FeAl,; 
similar curves were obtained for the alloys with 
9.9 and 17 at. per cent Al, but are not shown in 
Fig. 1. To determine the variations in the fine stru- 
cture of the fundamental edge, the following charac- 
teristic pcints of the K-edges of absorption were 
considered: a, b, c, d, A (marked with black circles) 
and A — a/2 (marked with a cross on each of the 
curves). 


* Fiz. metal. metalloved. 6, No. 1, 183-185, 1958. 


The abc range (initial zone of absorption) corres- 
ponds to the transitions of K-electrons into the un- 
occupied part of mutually-overlapping 3d- and 4s- 
bands (possessing partly a p-character) [2, 3, 4]. 

In the investigations [5, 6] it is accepted that the 
initial zone of absorption, abc corresponds essen- 
tially to the transitions into the unoccupied states 
of the 3d-shell, and is thus a characteristic feature 
of the transition metals. A further increase of the 
coefficient of absorption in the cdA zone has been 
accepted by a number of authors [2, 4, 5] to be go- 
verned by the transition of electrons into the 4p- 
states. The centre of a whole fundamental edge, 
marked with a cross, can be determined as half the 
difference between the values of the coefficient of 
absorption at points A and a [7, 8]. 

The positions of the characteristic points of the 
fundamental K-edge of absorption for the iron-alu- 
minium alloys investigated and for metallic iron 
are listed in the table. 


The results are mean values taken from three spec- 


trograms for each substance; individual curves (one 
from each group, with the exception of alloys with 
9.9 and 17 at. per cent Al) are shown in Fig. 1. 

From Table 1 and Fig. 1 it can be seen that, 
as the aluminium content in the alloy increases, the 
two principal points, 6 and A — a/2, characterizing 
the position of the main edge of absorption, gradual- 
ly move in the direction of lower energies. The 
largest shift in the direction of long waves (lower 
energies) is performed by the centre of the funda- 
mental edge, i.e the point A — a/2. For the alloy 
with the stoichiometric composition FeAl, the shift 
of the edge centre amounts to nearly 3 eV, whereas 
the centre of the initial zone of absorption (point 5) 
is displaced by only 1 eV. 

As this investigation is not concerned with the 
problems of the connexion between these two points 
and of the different magnitude of their displacement, 
attention is only drawn to the fact that the position 
of the maximum A remains practically unchanged for 
all the alloys, except FeAl,, whereas the points 5 
and, especially, A — a/2, as well as point a, are 
displaced in the direction of longer waves at higher 
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TABLE 1. 


Alloy 
composition 


at % Al 


Width of 
fundamental 


edge 
A—a, 3B 


0 (pure iron) 


9.9 
17 

25 (Fe,Al) 

50 (FeAl) 


7110.4+0,2 
7110.0+0.3 
7109.7+0.3 
7109.6+0.2 
7109,3+0.3 


7117.140,3 
7116,6+0.2 
7115.740.3 
7114,84+0,2 
7114,2+0.3 
7113.84+0,3 


7129.0+0,2 
7128.9+0.2 
7128,.9+0.4 
7129.140.2 
7129.4+0.3 
7137.04 002 


75 (FeAl,) 
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FIG. 1. K-edge of absorption of 
Fe in alloys. 


Al contents. 
One of the principal characteristics of ionic crys- 


tals, in which the atoms of metals (including iron) 
are present as cations, is the substantial displace- 
ment of the main edge in the direction of higher en- 
ergies, compared with the position of the edge of 
pure metal. For example, from the investigations 
[9, 10, 3] it is known that the K-edges of absorp- 
tion of iron, present in different ionic or partly ion- 
ic substances, are displaced in the direction of 
short waves by several eV. According to an empiri- 


FIG. 2. Fine structure of fundamental K-edge of 
absorption of iron in alloys. 


cal rule by Kuntsel, the magnitude of edge displace- 
ment depends on valency: the higher the valency, 
the greater the magnitude of edge displacement in 
the direction of short waves. In contrast to the above 
in the case of iron-aluminium alloys, as has already 
been shown in this article, the K-edge of iron shifts 
in the direction of lower energies, and the higher 
the Al content in the alloy, the greater the displace- 
ment. Since the position of aluminium, as well as of 
zinc, in the potential series is above that of iron, it 
can be assumed that the aluminium atoms in the 
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alloy will yield some of their valency electrons to 
the iron atoms (to the incompletely-filled 3d-shell), 
at the same time becoming more electropositive 

with regard to the atoms or ions of iron. The dif- 
ference between the charges of these two types of 
ions will evidently increase with increasing alumin- 
ium content in the alloy. On examining the curves 
I-IV in Fig. 1, it will be seen that the first hump on 
the absorption curves (initial zone of absorption 
abc), resulting from the transition of K-electrons 
into the unfilled part of the 3d-band and the over- 
lapping 4s-band, becomes gradually less prominent 
as the aluminium content in the alloy increases, and 
for the intermetallic compound FeAl,, this hump 
practically disappears. This phenomenon, together 
with the reduction of the index of asymmetry of the 
Ka, and Kg, lines of iron with increasing alumin- 
ium content in the alloy, and the displacement of 
the fundamental edge in the direction of lower ener- 
gies, indicates that some of the aluminium valency 
electrons are captured by the unfilled 3d-shell of 
iron atoms, and consequently that the ionic compo- 
nent of the interatomic bond forces increases. In 
solid solutions based on the transition metals, elec- 
tropositive elements, e.g. aluminium, tend to give 
up some of their valency electrons to the base met- 
al, which, at higher contents, may lead to the form- 
ation of stable, ordered solid solutions or inter- 
metallic compounds with bond forces of partly ionic 
type (in addition to the metallic type). This explains 
why the superstructure of FeAl is more resistant 

to temperature and other effects than the superstruc- 
ture of an alloy with a lower aluminium content, viz. 
Fe,Al. The appearance in alloys of the ionic com- 
ponent of bond forces requires (in accordance with 
the law of coulomb forces) an arrangement of ions 

in the lattice, in which the distance between the 
ions of opposite sign would be less than that bet- 
ween the ions of similar sign. This requirement, too, 
is met by the alloys investigated, FeAl and Fe, Al. 
(In disordered state, these alloys are solid solutions 
of aluminium in a-iron.) For example, the atomic co- 
ordination in the lattice of FeAl alloy (as for CoAl 
and NiAl) is as follows [11]. 


Fe...Al 


a 0 
7 V 3 = 2.508 A and 


And, finally, at an even higher aluminium content 
in the alloy, i.e. in the intermetallic compound 
FeAl,, the ionic or mixed iono-covalent type of 
bond forces must become predominant and conse- 
quently the fine structure of the K-edge of absorp- 
tion of iron (see Figs.1 and 2) becomes entirely 
different: two sharply-defined absorption maxima 
appear (A and B), the first of which is sufficiently 
large and narrow to be likened to a selective absorp- 
tion line. Compared with the first maximum of 

pure iron, maximum A is displaced by 8 eV in the 
direction of higher energies and, in all probability, 
corresponds to the dipole transition to an entirely 
free, optical 5p-level. The appearance of one or 
two sharply-defined absorption maxima in the edges 
is also a characteristic sign of the presence of 
ionic bond forces. The crystal structure of FeAl, 
is very complex and has not yet been fully investi- 
gated. It is known [11], 12], however, that this phase 
has a heterodesmic type of structure, in which the 
atoms of the two components combine to form indi- 
vidual complexes, with bond forces between the 
complexes being weaker than those within them. In 
such phases, this is an indication of the presence 
of interatomic bond forces of complex, mixed type. 


Translated by Z. Michalewicz 
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THE EFFECT OF HIGH PRESSURE ON WUSTITE " 
V.I. ARKHAROV and D.K. BULYCHEV 
Institute of Metal Physics, Urals Section of the U.S.S.R. Academy of Sciences 
(Received 22 June 1957) 


In the investigation [1] it was shown that the de- 
composition of wustite at temperatures below 570°C 
at high pressure takes place more slowly than at 
normal pressure. The temperature of 570°C repres- 
ents the lower limit of stability of wustite (accord- 
ing to results obtained at normal pressure) [2]. Dur- 
ing oxidation of metallic iron in air at normal pres- 
sure below that temperature, wustite does not form 
[3]. To understand the mechanism of the effect of 
high pressure on the decomposition of wustite, it is 
important to determine whether the temperature limit 
of wustite stability changes with pressure or whether 
this effect influences only the kinetics of the pro- 
cess. This problem is of considerable interest both 
for the development of the theory of high-tempera- 
ture oxidation of iron and steel (extending the 
theory to higher pressures, which would be valuable 
in a number of practical applications), as well as 
for the theory of reduction of iron oxides. 

To investigate this problem, the authors have 
carried out tests on the oxidation of iron (Armco 
type) in air at increased pressures (50 and 100 atm) 
in a specially-constructed chamber containing a 
small electric furnace shielded from the chamber 
walls. The chamber had an air capacity of 500 cm’; 
natural convection of air was ensured in the cham- 
ber. Temperature was measured by means of a 
chromel-alumel thermocouple whose hot junction 
was located in a recess in a face of the specimen. 
The temperature gradient in the working part of the 
furnace was of the order of 4-5°C; temperature re- 
gulation during the tests was provided by means of 
an EPD-12 instrument giving an accuracy of 0.5 per 
cent of the measured temperature. The air pressure 
in the chamber was raised by means of a compres- 
sor via a surge tank' and was measured by means 
of a manometer with an accuracy of 2-3 atm. The 
iron specimens had a diameter of 8 mm and length 


* Fiz. metal. metalloved. 6, No. 1, 186- 188,1958. 

t On its way from the tank to the chamber, the air pas- 
sed through a traps, cooled with liquid nitrogen, for 
the removal of moisture and traces of compressor oil. 


20 mm. After weighing on an analytical balance, 
the specimen was suspended in the middle of the 
furnace, the pressure in the chamber was increased 
and the furnace was heated to the test temperature 
and maintained at that temperature for 1 hr. The 
time of heating was 15 min, that of cooling after a 
test — about 10 min. After weighing the oxidized 
specimen (to determine the increase in weight), the 
surface scale was submitted to an X-ray investiga- 
tion to determine its phase composition and the 
texture of its outer layer. 

Similar comparison tests of the oxidation of iron 
specimens were made in the same chamber, but at 
normal air pressure. 

The results of the investigation can be summari- 
zed as follows. 

(a) Wustite lines are clearly displayed in Debye 
photographs of scale forming in air at a pressure of 
50 atm, at temperatures below 570°C, viz. 550, 500 
and even 450°C. X-ray investigation of the scale 
forming at 400°C revealed no sign of the presence 
of wustite. In Fig. 1 are shown the microphotograms 
of the parts of X-ray photographs, contained between 
21 and 42°, which include the Debye lines (002) and 
(022) of wustite, in addition to some lines of magne- 
tite, haematite and iron, The wustite lines are indi- 
cated with arrows; the pressure and the oxidation 
temperature for each microgram are given in the cap- 
tion. 

At normal pressure, other conditions being equal, 
wustite lines are detected in X-ray photographs of 
the scale of specimens oxidized at 600°C (and above), 
and are not detected following oxidation at 500°C 
(and below). 

At a pressure of 100 atm, the presence of wustite 
can be detected X-radiographically even at 400°C 
(in larger quantity than at 50 atm and 450°C). No 
tests at 100 atm and lower temperatures were car- 
ried out. 


(b) X-ray photographs of the texture of specimens 
oxidized at high pressures show a texture of the 
“high-temperature” type [4-7] even when the oxida- 
tion took place at temperatures below 570°C, viz. 
500 and 450°C. At 450 and 400°C, oxidation at high 


173 
JOL. 
6 
1958 
: 


Letters to the Editor 


FIG. 1. Microphotograms of parts of Debye photographs 
of iron scale between angles of 21 and 42°. 
a — oxidation at normal pressure, 600°C. 
b — oxidation at normal pressure, 500°C. 
c — oxidation at 50 atm pressure, 450°C. 
d — oxidation at 50 atm pressure, 400°C. 
(Debye photographs a and 6 taken from inner side of 
scale separated from specimen.) 


pressure results in photographs of texture of the 
“intermediate” type. Oxidation tests at normal pres- 


sure (oxidation duration of 1 hr, as before) indicat- 
ed a “high-temperature” texture after oxidation at 
900°C, and an “intermediate” texture for 800°C and 
below. Fig. 2 shows an X-ray photograph of the 
texture of the outer film of iron scale formed at 50 
atm and 500°C. 

(c) At high pressures, the rate of oxidation of 
iron is substantially higher than at normal pressure. 
The gain in weight of the specimens in 1 hr of oxi- 
dation at 50 atm ranged between 29.1 mg/cm? at 
800°C and 2.0 mg/cm? at 450°C, the corresponding 
values obtained in comparison tests at normal pres- 
sure being 6.5 and 0.6 mg/cm’, respectively. 

A comparison of the results of the present in- 
vestigation with those obtained earlier [1], may 
prompt a question as to why wustite should decom- 
pose in the temperature range of 500-450°C at a 
very high pressure (10,000 atm), if wustite forma- 
tion is observed at the same temperatures (or even 
lower, viz. 400°C) and relatively low pressures 
(50-100 atm). This apparent contradiction can be 
explained by assuming that pressure has the effect 
of displacing the boundaries of the zone of homo- 
geneity of wustite on the equilibrium diagram of 
the system Fe-O as shown by the dotted line in 
Fig. 3; the boundaries at normal pressure are mar- 
ked with a full line. According to this interpretation, 


FIG. 2. Texture photograph of inner scale 
layer of iron oxidized at 
50 atm and 500°C. 


the lower temperature limit of stability of the wus- 
tite in the investigation [1] (whose composition is 
indicated in Fig. 3 with a chain-dot line) is only 
slightly lowered. At the same time, it is possible 
for a stable wustite with a slightly different compo- 
sition (richer in oxygen) to form at considerably 
lower temperatures. The validity of such interpreta- 
tion of the case in question requires further experi- 
mental confirmation. 

From the results of the present investigation, the 
following conclusions can be drawn. 

(1) At a pressure of 50 atm, wustite forms in the 
scale during oxidation of iron in air at temperatures 
below 570°C, down to about 450°C. At 400°C (and 
50 atm), it is no longer in evidence. 

(2) A texture of the “high-temperature” type, cha- 
racterized by intensified diffusion of iron through 
the scale towards its outer surface, is observed in 
the outer layer of scale in iron oxidized at normal 
pressure in the temperature range in which wustite 
is known to form [4-7]. The same texture is found 
at a pressure of 50 atm, at temperatures below 570° 
C; this is taken as a confirmation of the fact that in 
that range of oxidation temperatures wustite does 
form in the scale. 

(3) The development of wustite in the scale, 
which is a vital factor in the substantial intensifi- 
cation of outward metal diffusion in the process of 
oxidation (and consequently in the acceleration of 
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| 570°C is essentially the same as in the case of 
oxidation at normal pressure in the temperature 
range well above 570°C. This is manifested by a 
: considerable increase in the rate of oxidation of 

; iron in air when pressure is increased at constant 
‘ temperature, and results in a substantial increase 
of the gain in weight of specimens. 

(4) If it is assumed that in the tests described 
there was no local increase in temperature within 
the scale, and that the temperature measured by the 
thermocouple corresponded to the temperature of 
the inner scale layer, it must follow that an increase 
of exterior pressure to 50-100 atm lowers the lower 
temperature limit of wiistite stability from 570°C 
down to 450-400°C. 


| 
| wustite /! 


stoichiometric 
composition FeO 


1 570°C, p = 1 atm 


FIG. 3. Change in equilibrium diagram of Fe-O 
(in wustite region with increased pressure. 


that process), indicates that the mechanism of iron 


oxidation at high pressure at temperatures below Translated by Z. Michalewicz 
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SUSCEPTIBILITY DUE TO THE PARA PROCESS OF A Fe-Ni ALLOY IN THE 
TEMPERATURE RANGE OF 77-290°K * 
N.Z. MIRYASOV 
M.V. Lomonosoy State University, Moscow 
(Received 5 November 1956) 


The work described was devoted to an investiga- 
tion of the effect of temperature on the susceptibi- 
lity due to the para process, Xp, in the temperature 
range of 77-290°K in an iron-nickel alloy containing 
38.82 at. per cent of nickel and 61.18 at. per cent 
of iron. The value of susceptibility due to the para 
process of this alloy at room temperature is high, 
and remains relatively high even at lower tempera- 
tures, compared with x, of such ferromagnetics as 
nickel or iron, which facilitates its measurement. In 
addition, this alloy reaches technical saturation 
at relatively low values of magnetic field; conse- 
quently, instead of an electromagnet, it is possible 
to use a magnetizing coil, which is of very consi- 
derable advantage in this type of measurement, where 
exact knowledge of the magnitude of the internal 
magnetizing field is essential. 

The magnetizing coil used in the investigation 
had forced cooling applied to it to ensure adequate 
current stability at all measurements. Fields of up 
to 5000 oersteds could be produced. Uniformity of 
field was maintained over a distance of 80 mm, with 
a deviation at the ends of 1.5 per cent. 

Susceptibility y was measured by the differential 
ballistic method. The sensitivity of the apparatus 
was no less than A/ = 3 x 10“ gauss/mm (for a test- 
piece diameter of 7 mm). Consequently, with an ini- 
tial magnetizing field of H = 50-60 oersteds, the 
sensitivity of A//AH was equal to about 5 x 10-° 
gauss/oersted x mm. The maximum error of measure- 
ment of A//AH in relatively weak fields, for which 
galvanometer coil deflexion gave scale readings of 
80-100 mm, was 2-2.5 per cent. In strong fields, 
for which minimum light-spot deflexions of 8-10 mm 
were recorded, the error reached a value of 5-7 per 
cent. In such cases the measurements were repeated 
several times and a mean value of the results was 
taken, so that scatter of results on the diagrams was 
quite insignificant. 
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The test-piece investigated was in the shape of 
an ellipsoid of rotation, with an axis ratio of 1:10 
(2a = 7 mm, 25 = 70 mm). It was machined out of an 
alloy which had previously been examined and an- 
nealed in a vacuum at 1200°C for 12 hr. In order to 
remove the stresses resulting from mechanical work- 
ing, the ellipsoid was subsequently annealed in a 
vacuum for a period of 2 hr at 1000°C, following 
which it was cooled to 600°C at a rate of 100 deg/hr 
and then quenched in water. The chemical composi- 
tion of the test-piece (per cent by weight) was: 
59.88 Fe, 39.92 Ni, 0.03 C, 0.15 Cu and 0.02 S. 

The differential susceptibility , was measured in 
a range of fields of 500-3600 oersteds. An analysis 
of the results obtained showed that, in agreement 
with the findings of an earlier work [1] for the Invar 
alloy, the relationship between y and H for fields 
greater than 800-1000 oersteds can be expressed by 
the formula 


1= t (1) 


where D/H % is the susceptibility due to the para 
process. 

Fig. 1 shows a set of curves obtained at different 
temperatures. In this diagram, the values of yH?/? 
are plotted on the axis of ordinates, and the values 
of the field H, on the axis of abscissae. It can be 
seen that, in the region of strong fields, yH'/? is 
proportional to H in accordance with formula (1). At 
relatively weak fields, the linear relationship is 
disturbed, and the curve passes above the straight 
line. This can be explained by the fact that at these 
weak fields that part of the differential susceptibi- 
lity, which is due to the pure process of rotation, 
begins to exert a predominant role. Consequently, in 
a general case, formula (1) should be supplemented 
by the term BH™~, in which B is a coefficient relat- 
ed to the first constant of anisotropy, K,, by the 
formula 


176 
VOL. 
6 
195§ 


Susceptibility of a Fe-Ni alloy in the temperature range of 77-290°K 177 


The author’s measurements have indicated that the 
inversely-proportional relationship between Xp and 
H‘/? is fully maintained in the whole range of t tem- 
peratures of 77-290°K. At the same time, a similar 


410 oersteds 


FIG. 1. 1 — 77.3; 2 — 194.8; 3 — 235; 4 — 290°K. 


In the present investigation, attention was con- 
centrated on that part of susceptibility, which is due 
to the para process. As can be seen from Fig. 1, 
this is inversely proportional to H*/?, which is in 
agreement with the theory of Holstein and Primakoff 
[2]. Quantum-mechanical calculations [2], which 
took into account both the exchange interaction and 
the dipolar magnetic interaction of spins, have 
shown that, in the region of low temperatures and 
strong fields, the susceptibility of the para process 
is related to temperature and field by the formula 


(2) 
Falla Ha 


relationship between yp and H was established for 
Fe-Ni alloys with Ni contents ranging from 36 to 
100 per cent. 

The relationship between Xp and temperature is 
somewhat more complex. It enn be seen in Fig. 1 
that the slope of the straight-line portions of the 
curves, representing the magnitude of the coeffici- 
ent D, decreases with temperature. Fig. 2 shows 
D plotted against 7*/?. A linear relationship between 
D and T*”? exists in practically the whole tempera- 
ture range of 150-290°K. The point corresponding 
to the temperature of liquid nitrogen lies below this 
straight line. It can be assumed that below 150°K a 
gradual transition takes place towards a linear 
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relationship between Xp and 7, predicted by the 
quantum theory. In this connexion it is interesting 
to compare the value of y,, determined by the author 
at the temperature of liquid nitrogen (7 = 77.3°K) 
with that calculated by the formula of Holstein and 
Primakoff 


para process yp of an iron-nickel alloy in the 
temperature range of 77-290°K have shown that: 

1. In the given temperature range, in accordance 
with Holstein and Primakoff’s theory [2], Xp is 
inversely proportional to H?/?. 


2. In the temperature range of 150-290°K, Xp is 


“ (igen) 


where /, is the intensity of saturation magnetization 
for T = 0; 1; is the intensity of saturation magneti- 
zation at a given temperature; 8 is Bohr magneton; 
k is Boltzmann’s constant. Using the value obtain- 
ed by the author for /, at T = 77.3°K and Fedotov’s 
[3] data for the absolute saturation /, of a series of 
iron-nickel alloys, the following formula can be 
employed 


Ig (T, 0) 
Io 


= 0.0123. 


Substituting this value in formula (3), for H = 3600 
and 7 = 77.3°K, the value Xp = 1.8x 10“ is obtain- 
ed, which shows a quite satisfactory agreement with 
the value yp = 1.5 x 10“ obtained experimentally 
under the same conditions. 

In their work on the effect of temperature on /, of 
iron-nickel alloys at low temperatures, Kondorskii 
and Fedotov [4] give the values of the parameter 
6’ in Bloch’s formula 


(4) 


According to the test results of those authors, the 
value of 6’ for the alloy in the present investiga- 
tion equals about 1300. By using Holstein and 
Primakoff’s formula (3), in which /; (7,O) is substi- 
tuted according to formula (4), and introducing the 
value of y, determined in this investigation for 

H = 3600 and T = 77.3°K, a value of 0’= 1600 is 
obtained. If the possible experimental error and the 
inaccuracies involved in the use of formula (3) are 
taken into account, it must be concluded that the 
agreement between the two values of @’ is entirely 
satisfactory. 


CONCLUSIONS 


Measurements of the effect of temperature on the 


directly proportional to 7*/?. The point correspond- 
ing to the temperature of liquid nitrogen lies below 
this straight line; this, in all probability, indicates 
a gradual transition at temperatures below 150°K 
to a linear relationship between Xp and 7. This 
is confirmed by the good agreement between the 
experimental value of x, at liquid-nitrogen tempe- 
rature, and the value salesdened by Holstein and 
Primakoff’s formula (3), as well as by the agree- 
ment of the values of the Bloch-formula coeffici- 
ent 0’ as taken from the work of Kondorskii and 
Fedotov, and calculated by formula (3). 

In conclusion the author wishes to express his 
gratitude to Prof. E.I. Kondorskii for discussion 
and valuable comments on this investigation. 


Translated by Z. Michalewicz 
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THE INITIAL STAGE IN PLASTIC DEFORMATION OF METALS* 
B.A. SIDOROV 
Physico-Technical Institute, U.S.S.R. Academy of Sciences 
(Received 14 January 1957) 


In the investigations by Rauzin and Zhelezniakova 
[1, 2], concerned with the study of plastic deforma- 
tion of polycrystalline metals (mainly aluminium and 
iron, it was concluded that in the initial stage of ex- 
tension there is only a movement of grains relative 
to one another; this movement is only replaced by 
displacement within the grains on reaching some 
“critical” stage of deformation. It appears that the 
boundary between these two mechanisms of deform- 
ation is determined by the rate and temperature of 
deformation, condition of the intermediate boundary 
layer and grain size. These authors also explain the 
appearance of the yield arrest in the stress-strain 
diagram of iron by means of the relative displace- 
ment of grains. 

However, it is considered that these conclusions 
are insufficiently substantiated. In the first place 
it is necessary to examine the test procedure adopt- 
ed by those authors. This consisted of studying by 
means of a microscope (X600) of the surface of 
strained specimens, and of determining the magnitu- 
de of the “critical” deformation at which the first 
slip lines were observed. 

An absence of those lines was considered by 
those authors to be an indication that the grains did 
not deform but were displaced relative to one an- 
other. And yet it would be much more reasonable to 
assume that at low deformation the slip lines are so 
faint that they cannot be detected under a given 
magnification; nevertheless, just as in the subse- 
quent stage, the deformation is made up of intergra- 
nular slips. 

It was found in the investigation [1] during exten- 
sion of an aluminium monocrystal at 140°C (at a 
rate of 0.1 per cent/hr), that visible slip lines ap- 
peared only after an elongation of 3.5-4 per cent. 

In that case there was no question of intergranular 
slipping. 

An absence of visible traces of slip cannot be 
regarded as a sign of deformation of the intergranu- 
lar type. The discovery in the investigation in ques- 
tion of an increase of the critical deformation with 
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decreasing grain size could equally well be ascrib- 
ed to the fact that smaller grains produce finer slip 
lines which are more difficult to detect. 

It must be admitted that relative displacement of 
grains in polycrystals is possible at sufficiently 
high test temperatures and low rates of deformation. 
In fact, during creep, relative movement of grains 
does take place as a result of viscous flow along 
the grain boundaries. At the beginning of the paper 
discussed, a photograph is included (Fig. 1) of the 
surface of polycrystalline aluminium deformed at 
140°C, in which mutual displacement of grains is 
clearly visible. However, judging by the data quot- 
ed in the paper, no systematic observation or direct 
measurement of such displacement was undertaken. 

Whilst admitting the possibility of relative dis- 
placement of grains as a result of flow along the 
boundaries, it is necessary to register a protest 
against those authors’ contention regarding the 
“change” of the mechanisms of deformation upon 
attaining a “critical” value. Direct measurements 
[3] have shown that some deformation of the grains 
themselves takes place together with the flow along 
the grain boundaries. It is difficult to imagine that, 
under conditions favouring the flow along the boun- 
daries, the grains should become locked, which is 
given as the explanation of the change of the me- 
chanisms of deformation. 

It is further known that, as the test temperature 
is lowered or the rate of deformation is increased, 
flow along the grain boundaries becomes negligible 
or ceases altogether. As shown by direct measure- 
ments [3], in pure aluminium (99.95 per cent Al) at 
test temperatures below 200°C, there is virtually no 
displacement along the grain boundaries during 
creep tests, and the deformation is of the slip type. 
It is true that, judging by the Fig. 1 mentioned 
above, at 140°C and a rate of 0.1 per cent/hr such 
displacement along the grain boundaries did in 
fact take place. It is possible that this can be ex- 
plained by a larger amount of impurities in the ma- 
terial tested (99.48 per cent Al) than in [3]. Never- 
theless it seems unlikely that in tests on aluminium 
at 20°C and “normal” rates of deformation (0.3 per 
cent/sec) displacement along the grain boundaries 
could take place. 
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It may also be mentioned that the local character 
of deformation observed in that investigation, in 
spite of the authors’view, has little connexion with 
the behaviour of iron at the yield arrest. 

In view of the fact that the first visible slip lines 
in iron appear after the yield arrest, the authors of 
the article, following Ivanova [4], come to an ill- 
substantiated conclusion regarding relative disloca- 
tion of grains within the limits of the yield arrest. 
But even if it is assumed that the initial stage of 
plastic deformation of polycrystalline metals is in 
fact due to a movement of grains relative to one 
another and that the yield arrest in iron is caused 
by it, the question arises as to why there is no 
yield arrest in aluminium and other metals with a 
face-centred lattice. 

Even before, Ivanova [4] suggested that all 
metals should exhibit a “critical” degree of deform- 
ation, prior to which the specimens extend length- 
wise at constant load, in the same way as iron at 
the yield arrest. However, even if the absence of 
the yield arrest on the normal stress-strain diagram 
of polycrystalline aluminium could perhaps be ex- 
plained by a very low value of the “critical” degree 
of deformation (according to Ivanova’s data), such 
an explanation will not work with the results of 
Rauzin and Zhelezniakova, who found the “critical” 
deformation of aluminium to be even higher than 
for iron. 

In their investigation, the authors discovered that 
the higher the test temperature and the lower the 
rate of deformation, the greater the value of deform- 
ation due to intercrystalline dislocation. This dis- 
agrees with the well-known fact of shortening of 
the yield arrest in the stress-strain diagram for 
iron under those very conditions; consequently, 


these two phenomena cannot be ascribed to the 
same cause. 

In accordance with the view of Rauzin and 
Zhelezniakova (as well as of Ivanova), intercrys- 
talline dislocation during the initial stage of de- 
formation of polycrystals could only be explained 
by the low strength of the grain boundaries. It is 
known that the yield arrest in iron is governed by 
the presence of carbon (and nitrogen). In the usual 
tests, the resistance of iron to deformation does 
not decrease with increasing carbon content, but 
on the contrary, increases. It would therefore be 
incredible that the presence of carbon in the grain 
boundaries should weaken them. 

The paper under discussion criticizes the theory 
of brittle cementite network, put forward some time 
ago by Kester. One can agree that some aspects 
of that theory are still controversial and require 
clarification. However, it is this particular theory 
which permits the view that deformation during the 
yield arrest in iron occurs primarily along the peri- VOL 
phery of the grains. 6 

The destruction of strong but brittle intermediate 
layers along the grain boundaries, preventing the 
plastic deformation of ferrite, will be accompanied 
in the first place by the deformation (of the slip 
type, of course) of the adjacent peripheral zones 
of grains, so that consequently the central regions 
of grains may actually be displaced relative to one 
another. However, such grain dislocation bears no 
relation to the intergranular dislocation referred 
to in the paper discussed. 


Thus the theory proposing a specific mechanism 
of deformation of polycrystals during the initial 


stage of deformation cannot (up to now, at any rate) 
be regarded as sufficiently substantiated. 
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SPIN-LATTICE RELAXATION AND NUCLEAR MAGNETIC RESONANCE IN 
SALTS OF THE RARE-EARTH ELEMENTS * 
K.A. VALIEV 
Kazan’ State University 
(Received 24 November 1956) 


The question is considered of the possibility of studying experimentally the magnetic nuclear 
resonance in nuclei of the paramagnetic ions of rare-earth elements. It is known that experimental 
observation of magnetic resonance depends mainly on the width of the absorption line. In magnet- 
ically diluted crystals of salts of rare-earth ions, the line width is determined by the spin-lattice 
interaction of the ions. The paper gives a calculation of the probability of relaxation transitions 
between the hyperfine sublevels of the ions in rare-earth ethylsulphates. The calculated probabi- 
lities for relaxation transitions of nuclear spins are compared with the probabilities for relaxation 
transitions of electron spins. For the majority of ions with odd numbers of 4f-electrons, the proba- 
bility for nuclear relaxation is approximately 100 times smaller than for electron relaxation, whilst 
for ions with an even number it is 10° times smaller. It has been found that in salts of the rare- 


earth ions, the effect can only be observed at low temperatures. 


1. INTRODUCTION 


Up to now, nuclear magnetic resonance has been studied on the nuclei of diamagnetic atoms. 
However, there is a whole group of elements the atoms and ions of which are always paramagnetic. 
The ions of the rare-earth elements and actinides, for example, are of this type. There is undoubted 
interest therefore in the study of the question of the possibility of experimentally observing nuclear 
resonance in the nuclei of paramagnetic ions. We shall ascertain the features of this effect. 

As is known, in the theory of electron resonance spectra in paramagnetic salts, consideration is 
given to the splitting of the fundamental free ion term in the electrical field of the crystal. The lower 
electron levels arising in the field due to the crystal may retain partial degeneration with respect to 
electron spin. When nuclear spin is taken into account, the degree of degeneracy of the level is even 
more pronounced. In an external magnetic field, degeneracy is completely eliminated. The energy le- 
vels produced can be determined from the following equation [1]: 


EM, m= + AMm + Q [m? — (1/3)/ (/ + 1)] — myBy Ho. (1) 


Here / is the nuclear spin; M,m the magnetic quantum numbers of electron and nuclear spins res- 
pectively; g the spectroscopic splitting factor; 8,8y the Bohr and nuclear magnetons; Q the quadru- 
pole interaction constant; y the gyromagnetic ratio for the nucleus. In electron resonance the transi- 
tions (M,m) + (M—1,m) are observed. However, an experiment can be imagined in which the transition 
(M,m) + (M,m—1), which would also be a result of nuclear resonance in paramagnetic ions, should be 
observed. The frequency of the transition follows directly from (1). 


m—1 = AM + Q (2m —1) — By Ho 
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and is of the order of 10*- 10° c/s. The nuclear-resonance frequency in diamagnetic ions for the 
values of field strength H, normally used is 


Vy = 107 ¢/s 


and the electron resonance frequency in paramagnetic substances 


Vy. 10" /g, 


<n, m—1 < YM, M—1- 


(3) 


The possibility of observing resonant absorption depends op the intensity and width of the absorb- 
tion line. It is known that the energy absorbed in magnetic resonance is proportional to the square of 
the frequency of the alternating field. Thus the intensity of absorption in the nuclei of paramagnetic 
atoms will be 10?-10* times greater than in the nuclei of diamagnetic atoms. This suggests that the 
effect can easily be observed by means of existing apparatus. For this, however, the line must be 
sufficiently narrow. The nuclear resonance line width in paramagnetic ions is determined by the nu- 
clear spin-spin and spin-lattice interactions. In considering the problem of the line-width, the role 

of magnetic interactions proves to be important in undiluted crystals; however, they can be reduced 
by means of magnetic dilution of the crystal. (As can be seen by comparing the line densities, even 
with 10°-fold dilution the value of the absorbed energy will not be less than for normal nuclear reson- 
ance in diamagnetic substances. 

The absorption line width produced during transitions between any pair of levels equals the sum 
of the widths of the levels concerned. The latter equal the sum of the probabilities of all the relax- 
ation transitions originating in the given level (the probability of spontaneous transitions is insigni- 
ficant). Amongst these trausitions there are some involving only a change in quantum number M, that 
is, electron transitions. These have been calculated in published papers [3, 5]. The probabilities of 
transitions involving a change of magnetic quantum number and nuclear spin (nuclear relaxation 
transitions) have so far not been discussed by anybody. In the present paper they are calculated 
for a number of rare-earth ions in ethylsulphate crystals. 

The electron paramagnetism of these salts has been studied in fair detail. The electrical field of 
the crystal in ethylsulphate is of symmetry C,y. The splitting of the fundamental term and the func- 
tions of state of the levels, in this field, are known for rare-earth ions of both integral [2] and half- 
integral spin [3]. These results were used in the present calculations. 


2. INTERACTION OF NUCLEAR SPINS AND LATTICE VIBRATIONS 


In calculating spin relaxation times for the nuclei of paramagnetic ions, it is necessary to take into 
into account interaction between the nuclear spins, the magnetic moments of the paramagnetic ions 
and the lattice vibrations. Two relaxation mechanisms are possible. 

1. In the case where the interaction of nuclear spin with the surroundings is directly dependent 
on the interatomic distances in the crystal, there arises a direct connexion between the nuclear 
spins and the lattice vibrations. The magnetic dipole interactions between nuclear spins and the 
moments of other atoms are of this type. (Nuclear quadrupole interactions are separately discussed 
in paragraph 6) Spin-lattice relaxation of electron spins due to magnetic interactions have been 
studied by Waller [4], and the relaxation times he calculated proved to be very much longer than 
the values measured experimentally. On considering the relaxation of nuclear spins it is easy to 
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satisfy oneself that in this case also the role of the Waller mechanism will be insignificant*. The 
main role is played by the relaxation mechanism considered in detail below. 


FIG. 1. Diagram of successive splitting of the fundamental term 

of a rare-earth ion. 5 : splitting in the electrical field of the cry- 

stal; hvy,y—1 = gB Ho: lower doublet splitting in constant mag- 
netic field Ho; hv, m— 1: hyperfine splitting for the case 


2. As is known, in salts of the rare-earth ions the field due to the crystal splits the fundament- 
al term of the free ion, which is degenerate with respect 


J; 


is the total moment of the electron shell of the ion and z the axis of symmetry of the field due to the 
crystal). The lattice vibrations modulate the electrical splitting, producing a fraction H” of the ener- 
gy of the total ion moment which depends on the co-ordinates of the lattice oscillators. On the other 
hand there exist, between the electron moment J and the nuclear spin, powerful hyperfine interactions 
(magnetic dipole and electrical quadrupole interactions). Therefore the disturbance, consisting of 

H’ and the hyperfine interaction energy of the ion, brings about relaxation transitions between the 
hyperfine sub-levels of the ion. The energy of disturbance 1” has the form [6] 


H! = qq — 3x2) hy + — By?) hy Wy + (7? — 32%) hy + 
at 


4+ Qxy (hy Uy + Ay (hee +e Ux) 2yz (hy +, (4) 


Here q is the normal co-ordinate of a lattice oscillator, E the effective charge on the ion, i, u unit 
vectors characterizing the polarization and direction of propagation respectively of the lattice vi- 
brations, a the lattice constant, ¢ = 27v a/v (where v, v are respectively the velocity of propaga- 
tion and the frequency of elastic waves in the crystal), and r (x, y, z) the distance from the nucleus 
to a 4f-electron. The magnetic hyperfine interaction operator in the ethylsulphates of rare-earth 
ions has the form [7] 


Hy = 21BBy >, < JIN > 


* As was shown by Al’tshuler [5], the Waller mechanism may play an important role in the spin relaxation 
of ions in the S-state; however, such ions are not considered in the present paper. 
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Here <r~* > F denotes the average for the 4f-electrons, < J |N|J > a numerical coefficient, known for 
each ion [7]. It is clear that to the second approximation the disturbance H’+ Hy produces relaxation 
transitions of the type m, n + m—1, n+ 1 (n is the quantum number of oscillator g). However, these 
will be single-phonon processes, the role of which is small down to very low temperatures [4]. Of 
very much greater importance will be processes involving two phonons, which arise in the third ap- 


proximation 


(E, — Ej) (E, — (6) 


Here Hy is a matrix element of the disturbance between states k and /; E; is the energy of the sys- 
tem in state k. The initial a — and final B-states of the system will be: (a) = (m, n, n’): (8) = (m-1, 
n—l, n’+ 1). As the intermediate states i, j it is essential to use states corresponding to ion ener- 

gy levels in the field due to the crystal. For simplicity we took into account only the energy levels 
adjacent to that under consideration. It is clear that taking more remote levels into account cannot 

affect the order of magnitude of H. 

The ions studied were divided into two groups. Group A includes those ions in which the electron 
doublet under consideration (the lower) is split by a magnetic field perpendicular to the crystal sym- 
metry axis:g, 4 0. The Nd*+, Sm*+, Dy*+ and Eu‘+ ions in a trigonal field are of this type. The sec- 
ond group contains ions, for which 1 = 0 for the lower doublet. Such ions are the trivalent Pr, Eu, 
Tb, Ho, Tm and Yb ions*. As will be apparent when the results of the calculation are discussed, 
these two groups of ions have sharply differentiated nuclear relaxation times. We did not consider 
cerium ions, all the isotopes of which have a nuclear spin of zero, or the Gd*+ ion, which exists in 
the S-state. 


3. PROBABILITY OF RELAXATION FOR GROUP A ELEMENTS 


The first Group A is the Nd*+ ion. The ground state of Nd*+ is ‘F'5/,. The energy levels in the 
field of a crystal of symmetry C,h retain Krammers-type degeneracy. The functions of state for the 
three lowest levels, to be considered in these calculations are: 


Yio = 0.380}+ 7/2 > +0.925|+ 5/2 > 
1/2> (7) 


| M> denotes the state for which J, = M; z is the symmetry axis of the crystal. The upper signs are 
taken for the functions of odd index. The matrix elements of disturbance H’+ Hy between the 1, 2 
and 3, 4 doublet states are equal to zero. The 5, 6 doublet is therefore used as the intermediate 

level. In this case the sum (6) takes the form 


* The calculation for the Eu’+ ion refer to the ’F, excited state. This state is 270 cm above the group 
state [3] and is well represented at room temperature. 
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(— G)(—8 + hy) (— — hy) 


f=H, (1, m; 2, —1)H' (2, n; 6,n—1)H’(6,n’; 1, n’ +1); 
g=Hy, (l,m; 2,m— 1)H’ (2,0; 5,2—1)H'(5, 1, 1); 
G = gBHp. 


In contrast to f and g, in the expressions for f’ and g’ it is taken into account that there is first 
emission of a phonon n’, and then absorption of a phonon n. The further calculation consists of the 
averaging operations normal in the paramagnetic relaxation theory. After completing them for the 
Nd*+ ion we obtained 


Am, m—1 =)\WMA?®G~ (kT)! I, 


The following notation was adopted in this work: 


x?)8 (e* 


0 


W =(v,° +.3/207 
M=(1+m)(l—m+1); A=2d/kT; 


@ is the Debye temperature; p the density of the crystal; 5 the energy interval between levels for 
the ion in the field of the crystal; A a numerical coefficient. The value of A for neodymium, found by 
calculation, is 5.4 x 10*. 

Similar calculations have been made for the ions Sm*+, Er*+ and Dy*+. Table 1 gives the func- 
tions of state for the two lowest doublets produced in the field Cj, and the energy intervals between 
these doublets [3]. The first function refers to the lowest doublet. The probabilities Am, m—1 


TABLE 1. 


— 10 


0.758| + 7/2 > —0.652| 
0.796| + 15/2 > —0. + > + 0.463) 9/2> | 35.2 cu! 


0.881) + 7/2 > — 0.473) 5/2 > 
Dy*+ — | 9-038] 15/2 > — 0.340] + 4/2 > + 0.940} 9/2> | 9.8 ewe! 


for these ions have the form given in (10). For the coefficients A, the following values were obtained: 


5 
where 
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h (Sm) = 1.1 x 10", A(Er)= 9.0 x 10"*; A(Dy) = 5.7 x 10°. 
4. PROBABILITY OF RELAXATION FOR GROUP B IONS 
Of the ions of the second group we shall consider praseodymium in some detail. The ground 
state of the ion is ‘H,; there are two electrons in the 4f-shell. After splitting in the field of a crys- 
tal the lowest doublet [4] proves to be: 
= 0.4695|+ 4 > —0.8830|F 2>. 
(12) 
Relaxation transitions mainly occur via the adjacent single level, the wave function of which has 
the form 
1 
2 
VOL 
6 
the energy interval 5 between the doublet and this level is 98 cm™. The sum (6) in this case takes 195 
the form 
Here, as before, we neglect the magnetic splitting energy in comparison with the electrical split- 
ting and lattice vibration energies. The expressions for f and g have the form 
{=H’'(1,n; 2,n—1)H' (2, n'; + 1) H,, (3, m; 1, m—1); 
g=H'(1,n; 2,n—1)H, (2, m; 3, m—1)H" (3, 1,0’ +1). (15) 
After the necessary averaging operations, we obtain for the probability of relaxation transitions 
(m, n, n> m—1, n—1, n’+ 1) the formula 
Am, m—1 = (3A4 — 3A2/, + 2/,). (6) 
Here the notation of (11) is retained. For the coefficient, the formula A = 630 was obtained. 
Calculations of the probabilities Am, »_} were also carried out for the other Group B ions. The 
ions of terbium (8 4f-electrons, ground state ’F,) and thulium Tm*+ (12 4f-electrons, ground state *H,) 
give a similar picture of splitting of the levels in the field of a crystal. The lowest level proves to 
be single and the second a doublet. The first two levels for the holmium ion (10 4f-electrons, ground 
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state ‘/s) are of the same type. Below are given the functions of state for the two lowest levels and 
the distances between them, for these ions [2] and also for the ytterbium and europium ions [3]. The 
first function refers to the lowest level. As can be seen from Table 2, the first doublet in the Tb, Tm 
and Ho ions will be fairly well populated up to helium temperatures. We have therefore calculated the 
probability for relaxation transitions between the hyperfine sub-levels of these doublets. The results 


obtained have a similar form. 
Am. m-1 = WMA~? Is. (17) 


TABLE 2. 


—0.012'6 > + 0.996)0 >— 0.012;—-6 > 
0.891! + 5 > — 0.454; F 1 > 6.6 cM 


0,503/6 > + 0.703/0 > + 0,503] — 6 > 
0.847/+7>+0.486]41>+0.2101¢5 > | 3.7 cm 


0.473|/6 > + 0,744\0 > + 0,473] —6 >- 
0,866; + 5> — 0.500) FI > 13.5 em 


{+ 3/2 > us 
0.643| + 7/2 > —0,76675/2 > 62.7 cm 


unknown 


The A values obtained were: A (Tb) = 2.2 x 10-°; A (Tm) = 16.4; A (Ho) = 27.2. In the formula for 
Am, m—| for europium (/, + A‘/,) must be taken in place of /,. For ytterbium, Am, m—1 has a some- 
what different form: 


Am, m—1 =*}W MA? (kT)? [Jpn + + At/, (18) 
Here A = 1.14 x 10* and the integral J, is determined by the relationship 


dx 


5. PROBABILITY OF SECOND APPROXIMATION TWO PHONON PROCESSES 


The energy of the magnetic 4f-electrons in the field of a crystal, depending on the co-ordinates 
q of the oscillators, contains terms of the first and higher orders in q. In the calculations, we have 
used the term in the expansion which contains the first power of q. In this case, a two-phonon pro- 
cess arises in the third approximation. If we take into account the terms containing the square of gq, 
a two-phonon process arises in the second approximation. It must be ascertained whether these terms 


do not exert a predominant effect in relaxation. 


7 
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The energy of the electrons, proportional to the co-ordinates g and q’ of two lattice oscillators, 
has the form 


99 ey" — + (A? — fa + + + (20) 


In deriving this formula, account was taken of the displacement of 6 charges E, distant a from the 
magnetic ion and forming a regular octahedron. Here f; are functions from the components of unit 
vectors u and A. On averaging, they give a value of the order of unity. For example, 


f= Uy ) (21) 


The dashed values refer to the co-ordinate g’. Using H”, we have calculated the probability for the 
relaxation transition (m, n, n’; m—1, n—1, n”+ 1) for the erbium ion from Group A. 


a 


eT 
| x" e* (e* — dx. (23) 


To compare the probabilities of third — and second — approximation two-phonon processes, we shall 
investigate the relationship 


y = AO 821g <r 403). (24) 


(3eEa <r? > / 


represents the mean coulomb energy of the 4f-electrons in the field of the surrounding ions. In accord- 
ance with energy, splitting occurs of the fundamental term of the ion in the field of the crystal. There- 
fore 5 and the coulomb energy must be values of the same order. In view of this, we shall assume in 


making the estimates, that 


(3eEa <r? >/4a5) =8. (25) 


There will be no great error in neglecting A in /,, in comparison with x. This implies that in writing 
down the sum (6), the electrical splitting energy is neglected, in comparison with the high frequency 
phonon energies. Then /, = /,. The integral /, equals n! when T < ® [11]. In this case 


~ (kT)? G? 44 1. 
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We now estimate y at temperatures near the Debye temperature: 7~ @, Then [11] 


ntl OT 
In =(O/T)"*' (n + 1)?. (27) 


8)? <1. 
yet €! (28) 


As can be seen, the contributions to relaxation due to the terms of the disturbance which contain 
q? are negligibly small. 
A similar investigation was carried out for the holmium ion in Group B. It was found that y = 
10° (kT /5)? at low temperatures and y = 3 x 10-* (k@/5)? at T ~ @. This signifies that second-approx- 
imation relaxation processes play a subordinate role for Group B ions also. 


6. QUADRUPOLE RELAXATION OF NUCLEAR SPINS 


The nuclei of some rare-earth elements (Er, Eu, Yb) have appreciable quadrupole moments. The 
interaction of a nuclear quadrupole moment with the electrical field of the surrounding charges can 
clearly bring about relaxation transitions between the nuclear spin sublevels. Calculations were 
therefore here made of the probabilities for nuclear quadrupole relaxation, and these were then com- 
pared with the probabilities calculated in sections 3 and 4. 

Two mechanisms are possible for quadrupole relaxation. The energy of the nuclear quadrupole 
moment in the electrical field of the surrounding ions depends on the interionic distance. Consequent- 
ly, taking this interaction into account relaxation will take place by means of a mechanism analog- 
ous so that of Waller. Besides this, there is a hyperfine interaction between the nuclear quadrupole 
moment and the field of the normal electrons. In this case, the relaxation transitions take place ac- 
cording to the same mechanism as when magnetic hyperfine interaction of the ion is taken into ac- 
count (section 2). It is not difficult to satisfy oneself that quadrupole relaxation by way of hyper- 
fine interaction will predominate, since the energy of this interaction is considerably greater than 
the energy of the nuclear quadrupole moment in the field of the surrounding ions. 

The operator V of the hyperfine nuclear quadrupole interaction has a tensor form. The two- 
phonon relaxation transitions, due to the disturbance H’+ V, arise in the third approximation. In 
this case, transitions A m =— | and — 2 may exist. For simplicity of calculation, we have taken 
into account only the transitions A m = — 1. These transitions are due to the component Q,,, W+, 


of the quadrupole interaction tensor: 


Qui = (ls + ily) + (Le + ily) 
Wii =—3F (e/r/) z,(x,— ty). 


Here F = eQ/2I (2/-1); Q is the nuclear quadrupole moment. Summation is carried out over the elec- 
trons in the ion. 

The Er’+ ion belongs to Group A. The matrix element W +, between the states of the lowest 
Kramers doublet is equal to zero. This follows from the fact that the Kramers doublet cannot be 
split by the action of an electrical field. Thus, it is necessary to use as intermediate states the 
states of the two higher doublets. Hence it can be seen that the relationship 


y Ym. m—1} 
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is of the order of 


_ \V(m, m—1)|? \HN(m, 
y> 


Here 6 and ¢ are the energy intervals between the first and second and between the first and third 

doublets respectively; V (m, m—1) and Hy (m, m—1) are the matrix elements of the quadrupole and 

magnetic interactions respectively. If |Hy (m,m—1)| ~ | V (m, m—1)|, then y ~ G?/5? < 1. As can be 

seen, quadrupole interaction plays a subordinate role. This conclusion refers to all the Group A ions. 
Of the Group B ions, we state the result of a calculation of the probability 


A(q) 


m, m—1 


for quadrupole relaxation for the europium ion: 


AD = — 1) +15). (31) 


K = Fe<r*>F; d is a coefficient of the same order as in (17). Comparison with (17) indicates that 
the order of magnitude of 


is determined by the ratio K?/A?. For europium K/A = 0.1. Thus, quadrupole relaxation is about 100 
times weaker than relaxation by way of magnetic linkage. A similar conclusion was reached for the 
ytterbium ion. 


7. CONCLUSION 


Using the formulae in section 3 and 4 it is possible to estimate the probability values for relax- 
ation transitions. However, there are at present no good measurements of the constants entering in- 
to the formulae, which makes it impossible to carry out a sufficiently accurate estimation. These cons- 
tants are the Debye temperature @, the velocities ve and v; of sound in the crystal, and the value 
of the energy of the magnetic electrons in the field of the crystal 


(3eEa <r? > / 4a3). 


We shall therefore compare the probabilities of nuclear (Ay) and electron (Af) relaxation. This 
enables us to reduce the error arising in estimating the constants. The probabilities of electron 
relaxation were calculated by Shekun [3] for the ions Nd*+ and Pr*+. For neodymium we obtained 


y =A, /Ap, = 6 (A/G)*M. (32) 


10 
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The magnetic splitting factors G are normally of the order of 0.3 cm*. In estimating A, we used the 
values | y| = 1.0 (for the Nd*** isotope [8]) and 


<r-3>, =40 (7), 


Then A = 2x 10° cm™ and y = 0.03 M. Apparently, the value of y will be of the same order for the 


other Group A ions also. 
The analogous relationship for praseodymium is equal to 


—7y At fanaa la 
y =™M — [3a 3). 


We shall evaluate the first term inside the brackets, which will be the largest. This can be seen 
from the following inequalities: 


1/68, < 1, 
a/T < (34) 


which are valid for Pr, since in this case 5 > k @ (5 = 100 cm, k @ = 70 cm*). In estimating the 
first term we take, instead of /,, the value ( @ 27)? /,. Then 


y = 5M (A/k®)?. 


39, A-3(9]; and A= 7x10? em 
Using this value for A and assuming that k © = 70 cm~, we obtain 


-6 
y=5xl0 M. (36) 


As can be seen from (32) and (36), the probabilities for nuclear relaxation transitions are less 
than for electron transitions, by 10 — 100 times for Group A ions and by 10° times for Group B ions. 
This signifies that the probabilities for nuclear transitions gives a small contribution, in comparison 
with electron transitions, to the width of the nuclear resonance line. The probabilities for electron 
transitions, which can be estimated roughly from the electron resistance, are of the order of 10", 
10° and 10°-10° sec“ for room, hydrogen and helium temperatures respectively. Apparently, direct 
observation of magnetic resonance in the nuclei of rare-earth atoms will only prove possible at he- 
lium temperatures, as is also the case with electron resonance. 

At the same time, it is clear that those phenomena with which relaxation time is taken to be 
connected — the duration of transient processes on switching on a resonant alternating field, and the 
time to restore equilibrium populations in the hyperfine sublevels on switching it off, and also the 
saturation level of nuclear resonance — will be determined by the probabilities of the nuclear relax- 
ation transitions. There is thus a substantial difference between nuclear resonance in paramagnetic 
atoms and electron resonance, in which both the line width and the dynamic processes are determined 


ll 

6 

(35) 
For Pr, 
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by the same probabilities for electron transitions. 
We now turn to formula (2), in order to find what evidence can be obtained by experiment. For the 


majority of paramagnetic ions of the transitional groups Q« A and y By H, <« A. The degeneracy re- 
tained in the field of a crystal is normally two fold, whence | M| = %. Under these conditions, it is 


possible by measuring the frequency v, ,_ to determine the hyperfine structure constant A. If the 
energy of quadrupolar bonding in the nucleus is considerable, the constant Q can be found from the 
difference between the two frequencies 


Ym+1,m— Ym, = 2Q/h. (37) 


The probabilities we have calculated for nuclear relaxation transitions can be used in calculat- 
ing nuclear polarization by the method of saturation of electron resonance. The success of such ex- 
periments largely depends, as is known, on the nuclear spin-lattice interactions. 

A paper has been published recently on the first experiments on nuclear resonance in para- 
magnetic ions [10]. The experiments were carried out at a temperature of 1.2°K, on specimens of sili- 
con containing additions of paramagnetic phosphorous atoms, and succeeded in determining the hy- 
perfine structure constant for the phosphorous ion. 

In conclusion the author expresses his thanks to S.A. Al’tshuler, for guidance in completing 


the paper. 


Translated by E. Bishop 
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ELECTRICAL CONDUCTIVITY OF FERROMAGNETIC METALS AT LOW 
TEMPERATURES. II * 
E.A. TUROV 
Institute of Metal Physics, Urals Filial, U.S.S.R. Academy of Sciences 
(Received 8 January 1957) 


Interaction between conduction electrons and ferromagnons is discussed phenomenologically. 
a more detailed study than previously[1], is made of the problem of the electrical resistivity of fer- 
romagnetic materials in the low-temperature region, taking new experimental data into account [2]. 
The corresponding kinetic equation is solved by converting it to an equation for the diffusion of 
phase points on the Fermi surface in wave-vector space. 


1. INTRODUCTION 


In a previous paper [1], the author considered the additional electrical resistivity in ferromagnetic 
metals, connected with the scattering of conduction electrons on the ferromagnons. Calculation show- 
ed that, in the low temperature range, this scattering mechanism leads to an electrical resistivity pr, 
the variation of which with temperature can be represented approximately in the form of two terms 


(1) 


PT + 


where a, and a, are constant coefficients independent of the temperature 7. 
Experimental data have recently been published [2, 3] on an investigation of the variation of elec- 
trical resistivity of iron and nickel with temperature in the helium range. These data can be well des- 


cribed by the formula 


(2) 


P=Ppot pr, 


where pp is the residual electrical resistivity and py is the temperature-dependent component of elec- 
trical resistivity, which, as was shown, does in fact have the form shown in (1). At the same time, 
for platinum, which is a transition metal but is non-ferromagnetic, the linear term in pr is absent, 


i.e. 


(3) 


pr =a,T". 


The existence of a quadratic term in the electrical resistivity of the transition metals is explain- 
ed by the theory which takes into account collisions between the conduction electrons [4]. In the pa- 
per by Baber [4], this term is connected with scattering of the “s-band” conduction electrons (of ef- 
fective mass m,) on the heavy positive holes in the unfilled “d-band” (of effective mass m,). In this 
connexion, the magnitude of the quadratic term (i.e. the coefficient a,) increases rapidly with increas- 
ing ratio m,/m,, which also explains the large value of a, in the transition metals, for which, accord- 
ing to the two-zone one-electron theory of such metals, m,/m, considerably exceeds unity. 

The linear term in py, apparently, is peculiar to the ferromagnetic metals and is connected with 


* Fiz. metal. metalloved., 6, No. 2, 203-213, 1958. 
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the existence in them of spontaneous magnetization (more accurately, with thermal disturbances to 
the spatial uniformity of the magnetization). 

In the previous paper [1], qualitative conclusions were set down regarding the electrical resist- 
ivity peculiar to ferromagnetics, whilst calculations were carried out on the basis of an actual quant- 
um-mechanical model of the ferromagnetic metal, namely on the basis of the (s—d)-exchange model 
due to Vonsovskii [5]. In connexion with the appearance of new experimental data [2, 3], agreeing 
qualitatively with the results in [1], it seemed worthwhile first to carry out a more detailed quanti- 
tative study of this problem by solving the corresponding kinetic equation, and secondly to consi- 
der the interaction between conduction electrons and ferromagnons on a phenomenological basis, as 
far as possible without adducing rough model representations of the mechanism of interaction bet- 
ween the ferromagnetism electrons and the conduction electrons, as was done in [1]. This consti- 


tutes the aim of the present paper. 


2. INTERACTION OF CONDUCTION ELECTRONS WITH FERROMAGNONS 


To determine the energy of interaction between conduction glectrons and ferromagnons it is 
first of all necessary to find the electromagnetic field set up by the ferromagnons, taking into account 
the fact that the change of magnetization M connected with them has a plane-wave form: 


= 


M y= 
M,z = = const. 
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Here it is borne in mind that the saturation magnetization M, is parallel to Z and that 


M,|, and 


(the quasi-saturation condition); w and qg are the frequency and wave vector respectively of the spin- 
waves (hw and hg are the energy and wave-number vector respectively for the ferromagnon *. Between 


w and g the following dispersion relationship is set up: 


(5) 


e=hw = 


where g is the Lande factor, 


eh 
2mc 


= 


A is the volume interaction constant, which can be determined experimentally from the law M = M, 
(1 — CT*/*) for variation of magnetization with temperature, and 1’ is some effective magnetic field, 


*} is the Planck constant, divided by 27. 
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including, together with the external field, the internal magnetic field also (for example, the magne- 


tic anisotropy field, the Lorentz field and others). 
It should be noted that the reduced dispersion law (5) is only valid, generally speaking, in the 


temperature range covered by the inequality 


where ®, is the Curie temperature. The lower limit lies in the range 0.1 to 1°K. 
The electromagnetic field set up by the ferromagnons is determined from the equation 


— 1 xo ~> 
AA, — M,, 


H, = rotA, — 


where o is the conductivity of the ferromagnetic substance. Taking (4) into account, equation (7) as- 
sumes the form 


— 


4nowi 
)Aq (8) 


On the right-hand side of equation (8) there must be retained only terms with transverse components 
of Mg, i.e. in equation (8) and thereafter, we must assume that M,, = 0 
Rotinesion of the relative magnitudes of the terms on the left-hand side of equation (8), taking 
(5) and (6) into account, indicates that the second and third terms (displacement and conduction cur- 
rents) are negligibly small compared with the first. 

Thus, we have* 


The energy operator for the interaction of a conduction electron with ferromagnons of wave- 
vector q can be represented, to the accuracy of second-power terms in Myg and Myg, in the form 


A A 
W, 2i8 (A, V,) — 28 (s H,) (s 


Md: 


* The shielded nature of the interaction, which was taken into account in reference [6], can here be account- 
ed for by introducing into the Maxwell equation the dielectric permeability 
2 
ee =] — where and cm 
wo? 
the shielding radius. It is easy to see that in this case Ag and Hg change to the expression obtained from 
(9) by replacing q? by g? + g3. However, if the dispersion law (5) is valid for the energy of a ferromagnon, 
accounting for the screening has practically no effect on the results of the electrical resistivity calcula- 


tion. 
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Here the first term corresponds to the charge interaction and the second to the interaction of the 
spin magnetic moment 
A 


(2Bs) 


of the conductiop electron with the electromagnetic field of the spin-waves; the third term accounts 
phenomenologically for the magnetic polarization effect of the conduction electrons, due to forces of 
an exchange nature (the s-d-exchange interaction, in the model due to Vonsovskii [5], a being the 
parameter of this interaction.) 

We now introduce into the argument the secondary quantization amplitudes 


A 


A 
b, and bf 


for the transverse components of magnetization, defined by the equalities 


A A A 
Mj = M,, + iM,, = "b, exp (ign), 


A — 
M, = — iMyy = = bt exp(—ign. VoL 


Using the known commutation laws for the operators of vector components of the total spin of the 
system: 
AA A A A 
S; Sy — S,S, = iS; iS, 
A— 
(ess—=J 


A 
it is easy to show that the operators b obey the Bose commutation relationships 


(12) 


In the secondary quantization notation, the complete energy operator for the interaction between 
conduction electrons and ferromagnons can be written in the form 


— 


(7, s) 


is the secondary quantization form of the wave function for the conduction electron (¢ is the spin 
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quantum number and s the spin variable which may take the two values + 4). The co-ordinate part of 
the wave function will be taken in the form of a plane wave, so that 


(S)a-~ 


A A 
s)= Cy (s) az, 


where Co (s) are the spin-wave functions, and 


A Ay 
and 


secondary quantization operators in the Fermi statistics. Using formulae (9) to (14), we finally 
obtain 


A 
R+q, 4+ + % 


A 
+ 


A A 
+ Dei tg: ot, + 


k+qg,c ko 
(ko) 


A A A A 


(k) 


From (15) it follows that the interaction under consideration occurs by the ejection and absorption of 
ferromagnons by the conduction electrons; the first two sums inside the curly brackets describe proc- 
esses during which the magnetic quantum number of the system as a whole remains unchanged, i.e. 

A m = 0, whilst the last two pairs of sums describe processes during which Am=+ 1 and Am=+4 2 
respectively. Expression (15) agrees in the main with that obtained within the framework of the (s-d)- 
exchange model [7]. It lacks only those terms corresponding to magnetic exchange interaction*. 


* We note that in actual calculations of relaxation processes [9], the terms corresponding to magnetic exchange 


interaction were taken into account, whereas the terms obtained from -28 (s Hg) in (10), on the other hand, 
were omitted. 
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We shall not consider processes of the type A m = 0 and A m = ¢ 2 any further, since for them 
the square of the modulus of the matrix elements of the corresponding quantum transitions w (q) is 
constant (after averaging with respect to the directions of q)- Thus this signifies [1] that the cor- 
responding part of the electrical resistivity is proportional to 7?, i.e. these processes only make a 
supplementary contribution to that part of the electrical resistivity which is peculiar to all the trans- 


ition metals in general. 
For the processes of type A m = + 1, the important terms in simple brackets in each sum will 


be the first terms which give w (gq) ~ 1/q? (the second terms once more give w (q) = const. and 


consequently o ~ 7?), 
Thus, the square of the modulus of the transition matrix elements for processes of the type 


A m= + 1 will have the following form: 


32nt git My [9 + 19 
V 


w (q) = 


This expression can be simplified still further, if the vector [q — &] is averaged over the directions, 


assuming 
Finally we obtain 


64x? g8% M, 


where @ is the angle between vectors i and q: 

Formula (16) agrees, to the accuracy of a negligible factor, with expression (12) in reference 
[1], which was obtained within the terms of reference of the (s-d-exchange model of ferromagnetic 
metals, taking into account spin-orbital interaction between the d- and s-electrons in ferromagne- 


tic substances. 


3. SOLUTION OF THE KINETIC EQUATION 


The kinetic equation, describing the change in the conduction electron distribution function in 
wave vector space, under the influence of an external electrical field F and of collisions with the 


ferromagnons, has the form 


(9) 
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— E. +e) + (N+ 


ify 


cos ©. 


ot - h dE dk 


Here fg is the required distribution function for the electrons; its equilibrium value is 


fo = [(E— Eg)/T] + 
Ng are the ferromagnon distribution functions; they will be regarded as being in equilibrium and it 
will be assumed therefore that 


N,= E = Ey 


is the energy of a conduction electron, regarding which we assume that it is independent* of o and 
that 


E=E(\k\); 


@ is the angle between & and the direction of field F. 


* We note that the variation of E with a [5, 8] for processes of the type A m = 0 or Am = + 2 can only be 
neglected in the temperature range T>T , where T, is some critical temperature determined by the relation- 
ship between the (s-d)-exchange interaction parameter a, the derivative (dE /dk) at the Fermi boundary and 
the maximum ferromagnon energy X©,. In the case when E varies as the equare of k, 


Ty ~10 [9, 1]. 


According to our earlier estimates 
(9, 1] (@/Eg)? ~10—4, 
and consequently 7) ~ 1°K. Experimental data on the displacement of ferromagnetic resonance lines in 


metals give an even smaller value for parameter a; thus | 18}, 


(afEg)* ~ to 107° 


Ty ~0.01 to 0.1°K. 
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If now in (18) the following transformations are carried out : (a) convert from summation to inte- 
gration in the spherical co-ordinate _ q, 9, d with a polar axis directed along k; (b) take the 
integral with respect to 0, using the -functions and bearing in mind that 


dE 


(c) introduce the abbreviated notation 


(d) write ff in the form 


ie =foth (k, x) 


and take into account that (5 f/5 t)co1] = 0 when f, = 0; 
then in place of (18) we obtain 


Jeol] h (dE /dk) 


+1) 


ev +1 (22) 


— x) dan wigg +9. x —y) 


= 


The signs (+) and (—) around the integrals signify that in the corresponding integrands the sub- 
stitution 


—cos# = + 
(23) 


must be carried out. Under these circumstances the limits of integration with respect to q, generally 
speaking, are bounded by the condition 


Icos < 1, (24) 


which implies that in the general case these limits will be functions of k (or x). 
We have carried out further calculations by two methods, both of which give completely ident- 
cal results. The first method is widely known and has been described in all the monographs on the 
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theory of metals (see for example [10]). The second method was developed mathematically very re- 
cently [11], but the idea was put forward by Landau and Kompaneets as early as 1935 [12]. This idea 
consists in considering the change of distribution functions in the low temperature range, due to col- 
lisions with phonons (ferro-magnons) as a process of diffusion of the electron phase points on the 
Fermi surface. The mathematical problem in determining the distribution functions can be converted 
to solution of the diffusion equation in an external field. We give here the solution of equation (17) 
by the second method, in view of its simplicity and greater physical clarity. 

In order to reduce equation (17) to an equation for the diffusion of electron phase points on the 
Fermi surface, we represent the function f, (k, x) in the form 


fi(k, x) (8, ©), (25) 


where the functions X (@, @) are already almost independent of || and in fact determine the phase 
points on the surface E = Efermj. Using also the identity 


£3) 
dx ) dx 


in place of (17), we have 


_ do 


(22)* A (dE/dk) a \ +9)— 


erty +] 


Expression (26) is now integrated with respect to x, from — ~ to + o. In doing this, by taking into 
account the 5-form character of the functions — (df,/dx), we shall replace the slowly varying func- 
tions k by their values at the Fermi surface (i.e. at k = ko, which corresponds to *¥ = 0). This is 
true also of the limits of integration with respect to qg, as functions of k: taking into account the 
relationship g 8H’ « €, the upper and lower integration limits in (22), according to (23) and (24), 
can be approximately represented in the form 


2k 


in which the following abbreviated notation has been introduced: 


_ 2g 
ME 


The remaining integrals with respect to x are derived in an elementary manner [10]: 
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dx 41 dx 


Equation (26) for the change of the distribution functions due to collisions transforms to an equa- 
tion for the diffusion of the phase points on the Fermi surface, if 


(kK +9) —x Mle 


is expanded as a power series in q, cutting the expansion short at the terms of order q?: 


+4) (k)]o = Vix + > 4.4; Vil VX) (28) 


i i,j 
where q; are the components of vector 9 and A; are the tensor derivatives in the spherical co-ordinate 
system of k, @ and @, whilst 


After all the transformations outlined above, and after integrating over the angles ¢, we have 


(30) 


ke 00 a0 sin?® 


i.e. the Laplace operator on the Fermi surface, whilst D is the diffusion coefficient for the phase on 
this surface: 


q 
V jue (9) sin? + [w (9) sin? 8]_} dq 
dk) 


(E} (1 e7) (e&% — 1) 


Thus, the kinetic equation (17) assumes the form of a diffusion equation, balanced by the 
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external field* 


Solution of this equation gives 


On computing the current density from the formula 


2e dE at 
j= cos /, (dk) 


taking (25) and (34) into account, we then find the specific electrical resistivity 


Dh® 
nf 


where n = k} /37?) is the number of conduction electrons per cm’. 
As was to be expected [12], the electrical resistivity is directly proportional to the coeffici- 
ent of diffusion D, whilst the latter completely determines the temperature vibration of p. 
Formula (32) for D has a general form independent of the type of collision process considered. 
In the case of processes of the type A m = ¢ 1, for which w (q) has the form shown in (16), in parti- 
cular, we obtain 


* Note that according to (28) this equation, generally speaking, must have the form 


eF dE 


However, as is indicated by more detailed mathematical analysis, the function 


1= 


must have extreme values when k = ko, and consequently 
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q 

4xgp* M, ki 

xgp* M, q (37) 
3h (dE /dk)o (1 — 1) 


If we now turn to integration with respect to y, according to (20), using condition (6) and also bear- 
ing in mind that 


(28 BAG? 


then (37) can be represented approximately in the form 


(BMo)? koxT 
3e%n (dE/dk), (38) 


Thus we have finally 


px (BM.,.)* kn xT (1 xT 


3etn (dE /dk)3 A (39) 


which is in agreement with reference [1]. 
It can also be readily confirmed that for processes of types A m = 0 and A m = + 2, for which w 


(q) = const., formula (32) leads to the law p = a,7?. 


4. DISCUSSION OF RESULTS 


The qualitative agreement between the theoretically predicted law of the variation with temper- 
ature of the electrical resistivity of ferromagnetic materials [1] and experimental data [2, 3] indicates 
the need for more detailed quantitative comparison of theory with experiment. In particular, from for- 
mula (39) it is possible to estimate the magnitude of the linear term in (the factor 1 + In X7/q8H’ 
can be included in the constant a,, since it is practically independent of 7). Then the right-hand 
side of formula (39) can be completely expressed in terms of experimentally measured values, thus 
avoiding the difficulties associated with ignorance of the dispersion law E = E (|k|) and the con- 
duction electron density n. In fact, (39) can be rewritten in the following form: 
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4h (BM,)* T [x*xg (Eg) xT 
ne* Ax 3n 


&(E,) = 


is the density of states on the Fermi surface, per unit volume. The expression inside the square 
brackets in (40) represents the coefficient in the formula for the electron specific heat of metals, 


Yv; thus [13]: 


Vv 3n 


Finally, we have 


(BM,)* (1+in «xT ), 


(42) 


where M, ~ 10° G, A ~ 10° erg/cm [14], B ~ 10~* deg-! [15]. Consequently p ~ 10~*° T sec, or com- 
pared with the electrical resistivity at room temperature (p/p 0°C) ~ 10°° T. This is roughly 1000 
times smaller than is required to explain the experimental results in reference [2]. 

Thus, it must regretfully be stated that the mechanism we have considered for the additional 
electrical resistivity associated with dispersion processes, of the type A m = + 1, of the conduction 
electrons on the ferromagnons, whilst agreeing satisfactorily with experimental data in the quali- 
tative sense, is completely inadequate on the quantitative side*. 

The mechanism of the effect of spontaneous magnetization in ferromagnetic substances on the 
variation with temperature of the electrical resistivity is apparently more complicated, even at low 
temperatures, than we have hitherto supposed. There are grounds for believing that the features of 
the temperature-electrical resistivity curve for ferromagnetic substances observed in papers [2, 3] 
are of the same physical nature as the already long-known galvanomagnetic anomalies — the spon- 
taneous Hall effect [16] and the Goldhammer effect (change of resistivity with magnetization [17]). 
It therefore seems to us to be worthwhile, in subsequent experimental investigations to study these 


* No absolute significance must however be attached to the quantitative estimates presented, since the 
calculations involved a number of rough approximations which may have had a substantial influence on 
the quantitative results. One of these approximations, for example, is the use of plane waves of the 


type of (14) for the conduction electron wave functions, in calculating @ (gq). 
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effects also, along with the measurement of electrical resistivity*. It would further be desirable to 
extend these studies to the range of powerful magnetic fields, such that 2B H> X T, since in such 
fields all the effects associated with the thermal vibrations of magnetization (the ferromagnons) 


would be swamped. 
In conclusion, | express my thanks to S.V. Vonsovskii for discussion and for reviewing the 


manuscript. 


Translated by E. Bishop 
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* From the formal point of view, the appearance of a linear term in formula (1) for the electrical resistivity 
of ferromagnetic materials could be explained in the following manner. Since it is known that the electrical 
resistivity of ferromagnetic materials depends on the spontaneous magnetization M, it follows that in the 
low temperature range this must lead to an additional variation with temperature, since 


p (M) = p (My) + (Mo — M) (My) 


The final term in (43) can be very approximately represented by terms of the form 


aiT + QoT?, 
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ON THE ELECTRICAL CONDUCTIVITY OF ANTIFERROMAGNETIC METALS * 
Iu. P. IRKHIN 
Institute of Metal Physics, Urals Filial Academy of Sciences U.S.S.R. 
(Received 26 December 1956) 


The effect of antiferromagnetic ordering on electrical conductivity in an antiferromagnetic metal 
is considered, by analogy with the theory of binary superlattice-forming alloys [1]. The main result is 
to show the possibility of splitting the conductivity band into two sub-bands, separated by a range of 
forbidden energies. This effect causes an anomaly to appear in the electrical conductivity near the 
Néel temperature. Existing experimental data agree qualitatively with the proposed theory. 


The possibility of altering the electron energy spectrum in a crystal when antiferromagnetic 
ordering takes place has already been noted in a number of papers [2-4]. It appeared of interest to 
consider the problem of the behaviour of conduction electrons in an antiferromagnetic metal. In the 


present paper this problem is solved in the one-electron approximation. 


1. THE ENERGY SPECTRUM OF AN ELECTRON IN AN ALTERNATING POTENTIAL 


We shall consider the simplest case, in which an antiferromagnetic crystal can be represented 
as consisting of two identical sub-lattices, with oppositely directed magnetic moments. We shall 


correspondingly assume that the periodic potential in which a conduction electron of given spin 
orientation is situated will be of an alternating nature, the wavelength now being equal to the sub- 
lattice parameter, i.e. doubled. Physically, this assumption is connected with the fact that, due to 
exchange interaction between the conduction electron and the electrons in the inner unfilled shells 
of the ions, its position relative to the lattice sites of the different sub-lattices will become non- 
equivalentt. By virtue of this, the tendency arises for conduction electrons of opposite spin orien- 
tation to become localized about the different sub-lattices, which may lead to the setting up of a 
characteristic type of ordered structure amongst the conduction electrons themselves. It is clear 
even from these simple considerations that movement of the electrons will be made more difficult 
with such ordering. More detailed results are readily obtained from the ordinary zone theory, taking 
into account the effect of interaction with the inner electrons by means of our assumption regarding 
the characteristics of the periodic potential. 

Thus, we have to find the energy spectrum of an electron moving in an alternating potential 
field. The same problem is met with in the theory of binary superlattice-forming alloys. In a paper 
by Smirnov [1], formulae were derived for the energy of the conduction electron in a binary metal 
alloy, as a function of the composition and extent of ordering. Assuming that in the present case, 
all the approximations made in [1] are valid, the results can be used without any modifications, 
noting that the concentration of the components must be taken as % (the overall magnetization of 
the crystal is zero), whilst the role of degree of ordering in our case will be played by the relative 
magnetization of the sub-lattices, depending on the temperature 7; the relative magnetization will 
be denoted by yp (7). Then in the case of a body-centred cubic lattice we have the following disper- 


sion relationship for the conduction electrons 


* Fiz. metal. metalloved. 6, No. 2, 214-221, 1958. 
t This state of affairs can be elucidated in detail, for example, within the framework of the s-d-exchange 


model. 
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where E° is some constant depending on the origin selected for the energy readings, € is the elect- 
ron transfer integral between neighbouring sites in the different sub-lattices, X the mean value of the 
potential energy difference between electrons at the different types of sites, a the lattice parameter 
and k,, ky, and kz the components of the electron wave-vector. 

It can first be seen that in the range above the Neel temperature 7, (7) = 0, and formula (1) 
gives the normal spectrum for conduction electrons in the body-centred cube lattice. 

At temperatures below Ty, (7) becomes different from zero. In this case, as can clearly be 
seen from (1), a band of forbidden energies, the width of which equals | X| » (7), is produced in the 
centre of the conduction band. Thus we arrive at the following very important conclusion: when the 
conditions for which the problem has been solved are satisfied, i.e. in the case of strongly bound 
electrons and to the nearest neighbour approximation, it is possible for the conduction band to be 
split into two sub-bands, separated by a range of forbidden energies, in accordance with the observ- 
ation in reference [3]*. 

A dispersion law of the type of (1) can also be obtained for the cases of some other types of 
crystal lattice symmetry. In particular (we note this for later on), it is easy to derive an analogous 
formula for the hexagonal lattice, in which however the width of the split proves to depend on the 
direction of the wave vector k. 


2. CALCULATION OF ELECTRICAL CONDUCTIVITY 


On the basis of the dispersion relationship (1) we shall now consider the electrical conductivity 
of an antiferromagnetic metal according to our modelt. It is convenient first to distinguish two limit- 
ing cases, corresponding to different positions of the Fermi boundary in the conduction zone prior to 
its being split (i.e. for T > Ty). 

In the first case let us have the Fermi boundary situated exactly at the centre of the conduction 
band. This case exists, for example, in a body-centred cubic lattice having one conduction electron 
per atom. Then, as was shown in the paper by Smirnov previously quoted, it is theoretically possible 
for the material to change over from the metallic state to the semi-conducting state. In fact, below the 
Néel point, where p (7) becomes different from zero, the gap appearing in the energy spectrum will se- 
parate the entirely free and the entirely filled portions by a forbidden energy band, which must lead to 
the appearance of semiconductor type conduction. 

Taking only the exponential part of the relationship between electrical conductivity o and tempe- 
rature into account, and using (1) for T < Ty, we can clearly write for this case 


o~ exp 


° - * of interest to note that analogous splitting of local impurity levels has been discussed in reference 
5}. 

t We now note that our energy spectrum includes temperature in the form of the function p (7). As has been 
shown by Bonch-Bruevich [6], in this case it proves impossible to use a statistical operator taken in the 
normal form. We shall however carry out the caiculation by the standard method, since the qualitative 
nature of our results is not altered by taking the temperature variation of the energy spectrum into ac- 
count. In a more accurate calculation this variation can become very important. 
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From (2) it can be seen that the value of activation energy now itself depends on temperature. This 
must somewhat distort the normal semiconductor shape of the electrical conductivity curve, partitu- 
larly near the Neel point. 

An analogous result will ensue also for the case of the hexagonal lattice, with the difference 
that here anisotropy will occur with respect to the effective masses. 

We now turn to a consideration of the second limiting case, in which we shall assume that the 
Fermi surface is situated near the boundary of the conduction band, so that we can expand the cos- 
ine term in expression (1) in powers of the argument, limiting ourselves to the first two terms. On 
extracting the square root, again approximately, we obtain instead of (1) 


8 2 
V 


Although in this case one of the conductivity half-bands is still partially filled and consequently no 
activation energy arises, the splitting of the band can here once more lead to marked changes in elec- 
trical conductivity. For the case of binary superlattice-forming alloys, an analogous effect was dis- 
cussed in a paper by Vlasov [7], who obtained an additional resistivity term, increasing with increas- 
ing degree of long range order in the alloy. In our case, we obtain, in exactly the same manner, an 

6 anomaly in the variation of electron conductivity with temperature, depending on this effect. 

958 Thus, we have for the electrical conductivity o [8]: 


(4) 


(5) 


where B and B’ are known constants, © is the Debye temperature and (dE /dk) must be taken on the 
Fermi surface. Calculating (dE /dk) from (3) and converting from electrical conductivities to resist- 
ivities p, we obtain: 


at T > 8, 


+ 6'n2(T)T? at 


a = (4Be} a, 


and similarly for a’ and B’. 

The first terms in formulae (6) apd (7) are the normal part of the resistivity, due to thermal! agi- 
tation of the lattice ions, whilst the second terms arise as a result of the change in the energy spec- 
trum of the conduction electrons when antiferromagnetic ordering is set up. In our effective mass mo- 
del the occurrence of this term corresponds to an additional temperature-dependent contribution to 
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o=B at T< 8, 

(6) 
(7) 
where 
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the mass of the conduction electrons in an antiferromagnetic material. 

To obtain the total resistivity it is still necessary to take into account the contribution to resist- 
ivity due to the dispersion of the conduction electrons at breaks in the periodicity of the antiferromag- 
netic superlattice due to the antiferromagnons. This contribution to resistivity can be calculated by va- 
rious methods. In the approximation of the spin-wave theory for the low temperature case, it has been 
calculated in reference [9]. However, this contribution to resistivity can be obtained by again using 
the analogy between antiferromagnetic substances and binary superlattice-forming alloys. We shall 
choose the latter possibility for simplicity, since we are not interested in the exact temperature cur- 
ve of this contribution to resistivity, and moreover its temperature coefficient agrees in sign with the 
normal thermal dispersion, whilst the absolute value of this term, at not too low temperatures, will be 
small in comparison with the thermal dispersion. Using the results of reference [10], we have for this 


term 


where A is some constant. 
Thus for the complete resistivity we obtain (adding the residual resistivity p,): 


comp 


(11) 


We now require to know the apparent form of the function p (7). We shall first consider the tem- 
perature range near the Neel point; clearly, we must use formula (10) for Ty > @ and formula (11) 
for Ty « ®. For the sake of simplicity we use an expression for p (7) derived from molecular field 
theory. Near the Neel point, as is known, the magnetization of the sublattices can be represented 
in the form 


Hence, we obtain the following final expression for p©°™P at temperatures T~ Ty : 


comp 


comp 
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It is also easy to obtain pco™P for low temperatures. T < 7'y, but the changes as compared 
with normal theory are here small, by reason of the slight variation of y with temperature in this 
range. 

Hence, consideration of the two limiting cases for the position of the Fermi boundary in the con- 
duction band leads to deviations in the temperature variation of electrical resistivity from the normal 
curve for metals near the Néel point. In the first case a changeover occurs to the semiconducting 
state whilst in the second there will be a greater or smaller anomaly in the electrical resistivity, de- 
pending on the value of the parameter 


16|sol’ 


when y > 1 and y? > 5 for formulae (13) and (14) respectively* there will again be observed, as in 
the first case, a change in the sign of the temperature coefficient near the Neel point. We shall not 
here consider the electrical resistivity for arbitrary positions of the Fermi boundary, when obvious- 
ly the effects observed in the two limiting cases will be superimposed on each other. This does not 
present much interest because of the insufficient number of experimental data, although it possibly 
represents a more probable real case, 


3. COMPARISON WITH EXPERIMENTAL DATA AND DISCUSSION OF RESULTS 


Experimental information on the antiferromagnetism of transition metals is available only for 
Mn (a-form), for which, according to neutron diffraction experiments, Ty ~ 100°K [11]. Near the 
same temperature there occur a maximum in the magnetic susceptibility [12] and an anomaly in the 
specific heat [13]. The electrical properties of Mn in this temperature range have been studied by 
Meissner and Voigt [14], according to whom, at a temperature somewhat below 100°K, the metal- 
type resistivity curve is replaced by increasing resistivity with decreasing temperature; at 20°K, 
the temperature coefficient of resistivity once more becomes positive (see Fig. 1). The existence 
of an extensive trough in resistivity around 90°K was also confirmed recently by Patric [15]. As can 
be seen from (13) or (14)t the theoretical curve (for the condition y > 1 or y? > 5 respectively) will 
have the same qualitative shape as the curve in Fig. 1. which we have drawn from the numerical 
data in reference [14]. Unfortunately, the position of the maximum on the resistivity curve cannot 
be determined from these data. The theoretical maximum value of p©°™p must lie, at the least, 
above %Ty for the case of formula (13) or 5/6 Ty for the case of formula (14). However, we cannot 
of course demand quantitative agreement here, since these formulae were derived for the limiting 
case of the Fermi boundary lying near the edge of the conductivity band, which cannot in fact be 
satisfied for Mn. Moreover, the a-Mn lattice has a faily complicated structure (though still cubic), 
by virtue of which there may exist a number of factors, not accounted for in the present paper, which 
may complicate the whole picture. 

It is not without interest to point out here that in the first of the papers in [12] rapid increase 
of the magnetic susceptibility of Mn was observed below a temperature of about 25°K, i.e. in the re- 
gion of the second drop in resistivity. In this case it can be suggested that at the Neel point Mn be- 
comes a semiconductor, in accordance with the first limiting case discussed here, whilst the drop 
in resistivity below 20°K is due to the occurrence of low-temperature ferromagnetism. However, the 
results obtained in the second of the papers in [12] indicate that low temperature ferromagnetism in 


Mn is due to impurities. 


* The term AT/4TV is regarded as small. 
t The use of one formula or the other depends on the nature of the experimental curve when T > Ty, 


which we do not know. 


31 

JOL. 

6 

| 


FIG. 1. Electrical resistivity of Mn in relative units, 
from the results of Meissner and Voigt 


r(T) 


Electrical conductivity of antiferromagnetic metals 


from the data by Guillaud. 


p(T) 
p (273) 


Besides pure metals, there are a number of very intersting cases of compounds to which the 
present considerations can also be applied. The example best known to us is the compound MnAs, 
in which the Mn atoms constitute a hexagonal crystal lattice. According to Guillaud’s results [16], 
MnAs undergoes an abrupt transition at a temperature of 45°C from the ferromagnetic state to the 
antiferromagnetic with a Neel temperature Ty of 126°C. At 7 = 45°C there is also a specific heat 
peak and a sudden, though very minor, change in structure. Investigation of the resistivity gives 
the curve shown in Fig. 2. The curve in Fig. 2 agrees entirely with the concepts of conduction 
band splitting on passing into the antiferromagnetic state. This can be interpreted from the view- 
point of the first limiting case, which, as has been shown, also occurs in the hexagonal lattice. In 
fact, at the sudden transition from the ferromagnetic to the antiferromagnetic state at the 45°C 
point, the resistivity must increase suddenly, and there will then be observed the semiconductor 
type of resistivity curve, described by formula (2); only above the Néel point, 126°C in the pre- 
sent case, will the resistivity once more assume the metallic character. 

A paper has recently appeared in which another interpretation is proposed for the transitions 
in MnAs [17]. According to this paper, in MnAs at 45°C there occurs a partial breakdown of the fer- 
romagnetic superlattice, namely of the ordered succession of basal planes in the hexagonal lattice, 
whilst ferromagnetic order is retained in each of these planes, only disappearing at 126°C, when 
the material finally transforms completely to the paramagnetic state. However, it seems difficult to 
us to explain the experimental electrical resistivity curve in this case, since at points which are 
of the ferromagnetic Curie-point type one would only expect changes in the gradient of p. Thus, from 
our point of view, the shape of the resistivity curve is an argument in favour of the first interpretation 
presented here. 

Attention is furthermore drawn to the fact that the electrical resistivity of MnAs must be aniso- 
tropic in the range 45°- 126°C, as follows from the observations made above regarding the hexagonal 
lattice case. 

Finally, we note the anomaly in the electrical resistivities by Dy and Er [18]. According to 
Néel’s theory [19], inthese metals as in MnAs there is an antiferromagnetic range of temperatures, 
flanked below by ferromagnetic, and abcve by paramagnetic ranges. The temperature anomalies 
found in [18] agree with the Néel points and, as can be seen clearly from (13), can be explained on 


our mode! at values of the parameter 


However, in this case anomalies in the electrical resistivity must also be observed at the transition 


into the ferromagnetic range. 
There are also certain points to be made regarding Cr. As is known [11], this is the second of 


the transition metals for which an antiferromagnetic ordering was found by neutron diffraction, Ty 


FIG. 2. Electrical resistivity of MnAs in arbitrary units, 
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being found to be ~ 475°K. However, no anomalies have been found in the magnetization or specific 
heat neat this temperature. Lidiard [20], onthe basis ofreferences([2], gave a theoretical explanation 
for the absence of these anomalies in antiferromagnetic metals, in connexion with the observed small 
magnetic moment per atom. However, for Mn, as has been shown above, such anomalies have been ob- 
served, along with clearly-defined electrical-defined electrical resistivity anomalies. Moreover, Cr 
shows an electrical resistivity anomaly in the 0°C range, regarding the possible connexion of which 
the antiferromagnetic transformation remarks have already been made [21]. As is known, Cr has a 
body-centred cubic lattice and, from the point of view of the theory put forward, it must have an elec- 
trical resistivity anomaly near the Neel temperature. The nature of the anomaly to be observed corres- 
ponds to the second limiting case we have discussed. However, it remains an open question, since 
there first arises the discrepancy with the Ty values from neutron diffraction experiments. 


CONCLUSION 


In this paper we did not set out to develop a quantitative theory of the electrical resistivity of 
antiferromagnetic metals. From considerations of simplicity we discussed qualitatively only the 
limiting cases although, naturally, the calculation could equally be carried out under more genera- 
lized assumptions. However the latter will only be significant when reliable and detailed experiment- 
al data are available on electrical resistivity anomalies in antiferromagnetic conductors. 

In the paper approximations of fundamental importance have been made, namely: the calculation 
was made for the case of strongly bound electrons, taking only nearest neighbours into account. The 


results obtained are the consequence of these approximations. 
As is known, the electrical resistivity anomalies associated with antiferromagnetic ordering are 


also observed in semiconductors. The proposed model can possibly also be extended to this case. 
Finally it is of interest to consider this problem from the point of view of the s-d-exchange 


model. This problem will be discussed in a subsequent paper. 
The author is sincerely grateful to S.V. Vonsovskii, E.A. Turov and K.B. Vlasov for discus- 


sions and much valuable advice, and to V.L. Bonch-Bruevich for pointing out reference [6]. 


Translated by E. Bishop 


NOTE ADDED IN PROOF 


The variation with temperature of the electrical resistivity of a-Mn has 
recently been investigated in detail by White and Woods [22]. Our formula (13) 
gives excellent agreement with the results obtained by these authors for the 
temperature range above 50°K, with the following values of the theoretical 


parameters: 
Po = 129 p w cm; 


a = 0.07; 

B = 0.28; 
Tn = 104°K; 
a =2. 
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It has been observed that a magnetic field superimposed during the electrolysis of iron, along 
the deposit layer, produces a uniaxial texture in the latter, with the axis of easy magnetization in 


the direction of the field applied during deposition. The texture of deposits has been studied on 
magnetograms obtained from specimens by means of the Akulov-Bryukhatov torque magnetometer. 
The experiments showed that in téxturization by a magnetic field, there is an optimum field strength, 
above and below which the degree of texture decreases. A field superimposed during the deposition 
of iron, along the deposit layer, improves the coating quality and increases its adhesion to the sub- 
strate. An attempt is made to explain these experimental facts. 


As is known, magnetic texture consists of pre- 
ferential orientations of the magnetization vectors 
of domains along certain directions in the specimen 
or at small angles to them. Causes giving rise to 
magnetic texture may be: crystallographic texture, 
stress anisotropy, thermomagnetic and thermome- 
chanical treatment, the specimen shape, size or mag- 
netic history. One of the most important modern 
techniques for improving magnetic materials is to 
produce in them the required stable magnetic struc- 
ture. Detailed study of this texture is of interest 
both in practice and in the theory of technical mag- 
netization curves []-3). 

In 1955 it was observed by Blois [4] that in the 
vacuum deposition of ferromagnetic films (of Per- 
malloy) a magnetic field superimposed on the films 
during their formation, along the surface of the de- 
posit layer gives rise to uniaxial texture in the 
films, with the axis of easy magnetization in the 
direction of the field applied during deposition. As 
our experiments have shown, in ferromagnetic (iron) 
deposits produces by the electrolytic method, a 
magnetic field superimposed during deposition, 
along the deposit layer, again gives rise to magne- 
tic texture. This paper is also devoted to a study 
of this texture. 

The formation of magnetic texture in ferromagne- 
tic deposits is caused by the residual orientating 
stresses set up in proportion to the forces of adhe- 
sion between the crystallites at points where they 
are “knitted” to each other as the polycrystalline 
deposit builds up during the process of electro- 
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deposition. Bozorth [5] was the first to indicate the 
role of the intercrystalline films in texturization, in 
his theory of thermomagnetic treatment. According 
to Bozorth, when metals are cooled in a magnetic 
field plastic deformations occur in the crystallites 
which distort the “lattice” in the intercrystalline 
films. As the temperature falls the “lattice” distor- 
tions are “frozen in”, and thus there remains in each 
crystallite a strain corresponding to the stress o = 
d E, where 4 is the magnetostriction along the dir- 
ection of o, and E is Young’s modulus. 

The formation of texture in ferromagnetic metals 
produced by the method of electrolysis cannot be 
explained by plastic strains, since the electrolysis 
process is normally carried out at low temperatures, 
at which plastic strains cannot occur. Bearing in 
mind the anisotropy in the magnetostriction of the 
individual crystallites, as a polycrystalline deposit 
is built up from them, it is possible to show how 
magnetic texture can be set up in it. 

It must first of all be noted that if iron, for ex- 
ample, is deposited on a non-ferromagnetic subs- 
trate, the extreme deposit-substrate boundary may 
lead to texturization. Let the formation of a poly- 
crystalline deposit be carried out in a saturation 
field, directed along the deposit layer. Depending 
on the orientation of its crystallographic axes to 
the field, each crystallite as it grows will have cer- 
tain magnetostrictive strains. The strains in the 
crystallites are “frozen in” by the deposit-substrate 
boundary. Thus the axis of easy magnetization in a 
polycrystalline deposit takes the direction of the 
magnetic field applied during its formation. When the 
substrate surface is completely covered by the de- 
posit and during the subsequent increase in thick- 
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ness of the deposited layer, the role of the subs- 
trate-deposit boundary in “freezing in” the crystal- 
lite strains will naturally be diminished. In deposits 
of sufficient thickness the major role in “freezing 
in” the shape of the crystallites will be played by 
the boundaries between crystallites in the deposit 
itself. 

As is known, in the electrodeposition process the 
nucleation of crystallites and their growth occur 
simultaneously. Crystallites can grow in any direct- 
ion, up to the point when the crystal growth facets 
come into contact with each other. At the points of 
contact of the growth facets in neighbouring cryst- 
als, naturally, growth of the facets ceases — thus 
the electrolytic deposit is produced in the form of 
a polycrystalline mass. The shape, size and orient- 
ation of the crystallites relative to each other in a 
polycrystalline deposit can be very diverse [6]. 

Without taking magnetic interaction between crys- 
tallites into account, we shall consider the forma- 
tion of an iron deposit in a magnetic field. Let the 
magnetostriction curves shown in Fig. 1 be valid 
for each crystallite (see, for example, [3]). 

In accordance with the figure, we shall distin- 
guish between H,, a weak field, H,, intermediate 
and H,, strong. Let the field be applied along the 
surface of the forming deposit. Figs. 2 and 3 show 
four diagrams of the knitting of crystallites to each 
other, from the infinitely great number of possibi- 
lities. 

Crystallites orientated with their [100] axes along 
the field (Fig. 2a) have identical magnetostrictions, 
positive in the direction of the field. The strains 
produced by them, in accordance with the striction, 
will “freeze in”, since both the crystallites, on the 
one hand, are bound by adhesion to other crystal- 


FIG. 2. 


lites (in the figure these bonds are shown diagrama- 
tically by hatching) whilst on the other hand they 
are bound to each other by the crystallite adhesion 
forces at the points where they “knit” (N,C and 7). 
When the arrangement of crystallites growing in a 
field H, is as shown in Fig. 2b, crystallite 2 will 
have less magnetostriction that the crystallites sur- 
rounding it, so that on switching off the field, forces 
of the type of f are set up. Crystallite 2 as it were 
wedges, by its presence, the strains in the neigh- 
bouring crystallites. The forces f due to the aniso- 
tropic magnetostriction of the crystallites, can be 
called “wedge-forces” in the sense of their effect. 

It can readily be seen that the “wedge-forces” can 
give rise to texture in electrolytically produced de- 
posits. If all the crystallites are completely iden- 
tical as regards their magnetostrictive properties 
and if they are all of identical crystallographic 
orientation then in this case the role of the “wedge- 


forces” in “freezing in” the strains contracts to zero. 


In Fig. 3 it can be seen that the intergrowth of 
crystallites with positive and negative magnetos- 
trictions ‘this can arise with different crystallite 
orientations in a field exceeding field H,) leads to 
reduction of the deformations set up by them in the 
field. On removing field H, crystallites 1 and 3 will 
tend to contract in the direction of the x axis (Fig. 
3a). Crystallite 2, tending to elongate in the same 
direction, favours the contraction of crystallites 1 
and 3, and these in turn, by contracting, favour its 
elongation. A similar state of affairs occurs in the 
direction of the y-axis (Fig. 3b). 

Partial removal of the striction strains in the 
crystallites leads to reduction of the degree of tex- 
ture, so that for deposits formed from crystallites, 
the linear magnetostriction of which along the 
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FIG. 3. 


various axes is shown in Fig. 1, there must be an 
optimum field for the production of magnetic texture 
in them. The “maximum texture field”, according to 
the figure, must have a value within the range 300- 
500 oersted. This can be seen from the fact that, in 
fields below 300 oersted, the magnetostriction of 
the crystallites falls sharply, and consequently 
there is a decrease also in the texture caused by 
the magnetostrictive strains. In deposits produced 
in fields above 500 oersted the residual magnetos- 
triction in the crystallites falls off because of the 
proximity of crystallites with magnetostrictions of 
opposite sign. Accurate calculation of the optimum 
field would be possible if for each crystallite the 
following were known: curves of magnetostriction as 
a function of the field, their size and their mutual 
arrangement relative to each other in the polycrys- 
talline assembly. 

The texture of deposits was studied experimental- 
ly by measuring the anisotropy energy of ion de- 
posits obtained from aqueous solutions of its salts. 
The anisotropy energy was determined from magneto- 
grams taken on the specimens by means of the 
Akulov-Bryukhatov torque magnetometer [2]. For 
this purpose, specimens were prepared in the form 
of flat circular films up to 100 yu or more thick. De- 
position was effected on one side of copper subs- 
trates in the form of a disk of diameter 20 mm and 
thickness 2 mm. In the centre of the disk there was 
provided a tapped hole of diameter 2-3 mm, by means 
of which the disks were fixed in the electrolytic 
bath, by screwing on to a conducting cathode rod. 
So that iron should be deposited only on one flat 
surface of the substrate, the other flat and the edge 
of the disk were covered with BF-2 cement. The 
volume of deposit obtained was determined from the 


TABLE 1. 


Field applied 
during 
deposition, 
oersted 


Earth’s field 
320 


560 
1130 
2600 


specific gravity of iron and its total weight, found 
by weighing the disks before and after electrolysis. 

The coating of a plane cathode with a uniform 
layer of deposited metal is a difficult problem in 
electrolysis [7]. In addition to this, in superimpos- 
ing a magnetic field along the deposition surface of 
the iron Dien it must be borne in mind that because 
of the effect of the Lorentz force on the ions moving 
in the field a directed drift of the whole electrolyte 
is set up in a direction perpendicular to the magne- 
tic field. This may lead to non-uniformity in the 
thickness distribution of the coating. 

To distinguish the effect of the magnetic field on 
the formation of magnetic texture in deposits, it is 
necessary to exclude all other factors which might 
give rise to texture, over the surface of the deposit 
as it is laid down (for example, causes giving rise 
to variation in deposit thickness) or to render the 
effects of these factors such that they are radially 
symmetrical (with the symmetry axis passing through 
the disk centre in a direction perpendicular to the 
disk). 

Circulation of the electrolyte destroys any direct- 
ional currents in it due to motion of the ions in the 
magnetic field. All the results of the following des- 
cribed investigation were obtained on specimens 
plated in an electrolyte of one composition and un- 
der identical conditions of bath operation. 

A large number of preliminary experiments, car- 
ried out with the aim of observing and studying the 
effect of the magnetic field on the texture of iron 
films, showed that treatment of the substrate sur- 
face before depositing the layer of plate on it is of 
extremely great importance in the production of 
magnetic texture in the films. For this reason, tex- 
ture studies were carried out on specimens produced 
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on substrates after the following surface prepara- 
tion. 

1. Mechanical cleaning of the surface, leaving the 
substrate surface of the disk with scratches in a 
strictly defined direction. 

2. Concentric surface grinding of the disk with 
4/0 emery. On the surface of the disk after such 
cleaning there remained only the finest scratches 
in the form of true circles concentric with the disk 
centre. 

3. Electrolytic polishing of the surface. 

Figs. 4 and 5 show magnetograms of specimens 
produced on substrates with scratchy surfaces. In 
all the magnetograms y is the angle of torsion of the 
magnetometer suspension, a the angle between the 
direction of the magnetic field of the magnetometer 
and a fixed direction on the specimen; for uniaxial- 
ly texturized specimens (regular sinusoidal curves) 
the fixed direction coincides with or is near to the 
direction of the axis of easy magnetization. (a~ 0 
or 180°). 

Curves | to 3 in Fig. 4 refer to specimens of thick- 
ness 113, 92.4 and 20p respectively. The maximum 
mechanical torques for these specimens are 22,500, 
20,500 and 20,000 erg/cm* respectively. In Fig. 5, 
curve 1 was obtained from a specimen 41 4 thick, 
deposited in a field of strength 800 oersted, direct- 
ed along the substrate scratches; curve 2 refers to 
a specimen of the same thickness, plated in the 
same field but with the latter oriented at right angles 
to the scratches. The mean value of maximum me- 
chanical torque 


(My, 
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© stable position of 
specimen 

+ unstable position of 

specimen 


for five specimens of thickness ~ 41 yp, produced 
without a field, is 20, 900 erg/cm’; for specimens 
produced in a field of strength 800 oersted, oriented 
along the substrate scratches, 


M,, = 35,800 erg/cm!® 


and with the field oriented at right angles to the 
scratches, 


M., = 11,200 erg/cm’. 


Fig. 6 shows the curves from specimens (of 
thickness ~ 90 y) produced on substrates with a 
concentric ground surface; curve 1 refers to speci- 
mens made without a field and curve 2 to specimens 
made in a field of strength 320 oersted. 

The table gives value of mean maximum mecha- 
nical torques for five specimens of thickness ~ 
113 p, made in various fields. 

In Fig. 7 are shown magnetograms from specimens 
of identical thickness (113 yz) produced in a magnetic 
field orientated perpendicular to the deposition sur- 
face. The mean value of the maximum mechanical 
torque in this case proved to be 15,300 erg/cm’. 
Observations of the differences in texture of spe- 
cimens obtained in the earth’s field and with this 
field compensated were unsuccessful. When the 
substrate surface is electrolytically polished the 
magnetograms on the specimens have the same form 
as for specimens with substrate surfaces concent- 
rically ground with emery. The only distinguishing 
feature is that the magnetograms on specimens made 
without a field have a somewhat higher M,, value 
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FIG. 5. 


than is the case with specimens made with the sub- 
strate surface concentrically ground with emery. 

The effect on deposit quality of a magnetic field 
applied during electrolysis, along the deposit layer, 
was checked by special experiments. For this pur- 
pose the substrates were prepared from silver. One 
flat surface of mica disk, 20 mm in diameter, was 
coated with silver to a thickness of about 1 y by 
vacuum cathode sputtering. Iron-plating on these 
substrates was carried out both in a field oriented 
along the surface of the deposit layer and without a 
field. In view of the weak bond between the silver 
and the mica, and the small thickness of the silver, 
even slight deformation of the iron layer deposited 
on it was able to cause the silver to break away 
from the mica and to deform the silver in any direct- 
ion. Experiments showed that iron deposits on such 
substrates, in the absence of a field, proved to be 
highly wrinkled, partly or completely breaking away 
from the mica and with breaks in their surface. [ron 
deposits produced under exactly the same condi- 
tions and of the same thickness, but in a magnetic 
field, possess the best properties we have produc- 
ed. Their surface is smooth and they do not break 
away from the mica. 

The value of optimum field strength for texturiza- 
tion gives a quantitative confirmation of theory. Ac- 
cording to theory, this field strength should have 
a value of 300-500 oersted; experiment gives 500 
oersted. 

The texturization of specimens made in the ab- 
sence of magnetic fields, as indicated by their mag- 
netograms, which are normally not of sinusoidal 
form (Figs. 4 and 6) can be explained in the follow- 
ing way. In the first instant of formation the film 
has a single-domain structure, according to Kittel’s 


o-stable position of specimen 
*-unstable position of specimen 
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theory [9]. Striction strains then occurring in the 
film will be “frozen in”. With increasing thickness 
the film becomes multi-domain, with uniaxial tex- 
ture in the direction of spin of the initial structure. 
Succeeding layers, repeating the strains of the pre- 
ceding layers caused by striction can clearly also 
have a uniaxial texture. The effect of striction in 
preceding layers of the deposit in subsequent lay- 
ers may apparently, according to our hypothesis, 
propagate over a considerable thickness, notwith- 
standing the absence of external fields. With further 
growth of the deposit later layers may have differ- 
ent domain structures. A specimen in which the low- 
er layer is texturized in one way and the upper in 
another, gives the magnetogram obtained by super- 
imposing the two types of texture. The form of the 
magnetogram will be determined by the number of 
phases of different orientations, their relative mag- 
nitudes and the angles between them. Naturally, the 
more similar phase textures of different orientations 
there are in specimens of the same thickness, the 
more supplementary maxima and minima will appear 
on the magnetograms, and the smaller the maximum 
mechanical torque on the magnetograms will become; 
this can be seen for example in Fig. 7. 

The improvement in the quality of iron films pro- 
duced in a magnetic field can also be explained by 
magnetostriction. 

The main results of the investigations here des- 
cribed can be summarized as follows: 

1. In electrolytically prepared ferromagnetic de- 
posits, internal stresses can produce texture. 

2. The texture of a deposit is affected by: the 
substrate material, preparation of the substrate sur- 
face prior to deposition, the structure and material 
of the deposit and the magnetic field. 
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3. The texture produced in deposits by a magnet- 


ic field reaches a maximum in a field of several 
hundred oersted; in deposits produced in fields ab- 
ove and below this critical strength, the degree of 


texture is reduced. 
4. The anisotropy energy of films made in the 


critical field reaches values of 5x to 6x 
erg/cm’. 


5. A magnetic field superimposed during electro- 


lysis, along the surface of deposition of ferromag- 
netic films, improves the quality of the plate and 


reinforces its adhesion to the substrate. This meth- 


od of improving the quality of ferromagnetic plates 


may have practical importance, particularly in plat- 
ing thin films, foils and the like with ferromagnetic 


materials; when plated without a field, such sub- 
strates may be deformed or twisted by the deposit 
forming on them. 


I express deep gratitude to Proferror R.V. Teles- 


nin for valuable instructions in carrying out the 


rk. 
Tran slated by E. Bishop 


1. S.V. Vonsovskii, Sovremennoe ychenie 0 magnetizme 
(Modern Knowledge of Magnetism) Gostekhizdat (1953). 


- N.S. Akulov, Ferromagnetizm (Ferromagnetism), Uni- 


ted Scientific and Technical Press (1939). 


. K.P. Belov, Uprugie, teplovie i elektrocheskie yavle- 


niia v ferromagnitnykh metallakh (Elastic, Thermal 
and Electrical Phenomena in Ferromagnetic Metals) 
Gostekhizdat (1951). 


. M.S. Blois, J. Appl. Phys., 26, 8, 975 (1955). 
. M. Bozorth, J. Appl. Phys., 8, 575 (1937). 


Lainer and Kudryavtoev, Osnovy gal’vanostegii 
(Principles of Electroplating), 1, Metallurgizdat 
(1953). 


. Zh. Billiter, Osnovy gal’vanotekhniki (Principles of 


Electroplating Technology) (1941). 


. Elenbaas, Z. Phys., 


76, 829 (1932). 


. Ch. Kittel’ 


Fizika ferromagnitnykh oblastei 

(Physics of Ferromagnetic Domains ) 

117, Foreign Literature Publishing House 
(1951). 


40 
r 
A Ar 
\ 
\ 
Q {i A} 
20h 
As 
\ 
| 195 
2 


THE MAGNETIC PROPERTIES OF MAGNETICALLY-ANISOTROPIC SPECIMENS 
MADE FROM FERROMAGNETIC POWDERS 
Ill. THE ANiSOTROPY OF MAGNETIC PROPERTIES * 
G.S. KANDAUROVA, YA.S. SHUR and E. V. SHOL’TS 
Institute of Metal Physics, Urals Filial, Academy of Sciences U.S.S.R. and 


Urals State University im A.M. Gor’kii 
(Received 17 May 1957) 


A study has been made of the anisotropy of magnetization curves and hysteresis loops for magnetical- 
ly texturized specimens in the form of disks made from powdered cobalt and manganese-bismuth alloy. On the 
relationships found, the features of the magnetic structure of small particles (1-100) of cobalt and manga- 


nese-bismuth alloy have been established. 


As has been shown previously [1], on going over 
to fine MnBi alloy powders, various special features 
are observed in the magnetic properties of the alloy, 
these being most marked in magnetically anisotro- 
pic specimens. These features can be explained on 
the assumption that the conversion to fine powder 
is accompanied by a change in the magnetic struc- 
ture of the alloy. Apparently in finely powdered 
form (several microns) MnBi alloy takes on a trans- 
itional magnetic structure at room temperature [1]. 
One possible method of checking the correctness of 
these assumptions may be by studying the anisotro- 
py with respect to magnetic properties of magnetic- 
ally anisotropic (pseudo-monocrystalline) specimens 
made from fine powders. It should then be expected 
that different ferromagnetic materials will have dif- 
ferent types of magnetic structure, at one and the 
same particle size. 

In order to verify these assumptions a detailed 
study has been made of the anisotropy exhibited by 
the magnetization curves and hysteresis loops of 
magnetically anisotropic specimens made from MnBi 


and Co powders. 


SPECIMENS FOR INVESTIGATION AND 
EXPERIMENTAL TECHNIQUE 


The manganese-bismuth alloy was prepared by 
sintering a mixture of manganese and bismuth pow- 
ders at a temperature of 320°C. The concentration 
of the ferromagnetic phase MnBi in the alloy was 
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about 50 per cent and its coercivity 1000 oersted. 
The powders were made by mechanical grinding, 
without subsequent annealing. 

The cobalt powders were made from cast cobalt 
lumps by mechanical grinding followed by vacuum 
annealing at a temperature of 600°C. After this an- 
nealing treatment the relationship between coerci- 
vity (H-) and particle diameter (d) was normal for 
ferromagnetic materials of this type, i.e. H, increas- 
ing with decreasing d [2]. Measurements were made 
on magnetically anisotropic specimens in the form of 
disks prepared by the technique described previously 
{1]. The magnetic properties were measured at each 
15° interval in the plane of the disk. We shall denote 
by ¢, the angle between the magnetic texture axis 
and the direction of the field used to measure the 
magnetic characteristics. 

Before measuring magnetization curves, the spe- 
cimens were demagnetized in an alternating magnetic 
field of decreasing amplitude; the manganese-bis- 
muth alloy specimens were demagnetized at liquid 
nitrogen temperature, at which their coercivity is 


low [3]. 
EXPERIMENTAL RESULTS 


(a) Anisotropy of magnetic properties in texturiz- 
ed specimens made from powdered MnBi alloy. 

Fig. 1 shows magnetization curves taken at vari- 
ous angles to the texture axis in a single specimen 
made from MnBi alloy powder of grain size 25y. In 
the direction d = 0° (curve 1), the magnetization 
curve rises steeply, reaching saturation magnetiza- 
tion (/;) at a field strength of 5,000 oersted. In the 
direction ¢ = 60° (curve 2), the early part of the 
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FIG. 1. Magnetization curves for a texturized spe- 
cimen made from 25 pt MnBi alloy powder: 
l-agd= 0, 
2-—atd=60 and 
3—atd= 90. 
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FIG. 2. Hysteresis loops for a texturized specimen 
made from 25 4 MnBi alloy powder: 
l-at¢d= 
2—at d= 60° and 

3—atd=90. 


FIG. 3. Anisotropy of the coercivity in texturized specimens 
made from MnBi alloy powders. 


curve shows a steep rise, so that at a field stren- 
gth of 5,000 oersted the relative magnetization // 
1, = 0.6; in stronger fields, the increase of magnet- 
ization becomes more difficult and at a field stren- 
gth of 20,000 oersted, ///; = 0.75. In the direction 
= 90° (curve 3),the magnetization process is even 
more difficult; the magnetization curve is flat and 
at a field strength of 20,000 oersted, ///, = 0.48. 
Thus, as the angle ¢ is increased, magnetization 
becomes more and more difficult and increasingly 
high field strengths are required to reach saturation 
magnetization. 

Fig. 2 shows hysteresis curves taken at various 


angles to the texture axis on a specimen made from 
MnBi alloy powder of grain size 25 p. In the direct- 
ion @ = 0° (curve 1) the area subtended by the hys- 
teresis loop is a maximum, the remanence (/,) is 
near the saturation level and the coercivity is 7000 
oersted. 

In the direction d = 60° (curve 2) the area subtend- 
ed by the hysteresis loop is considerably smaller, 
the relative remanence /,/], is 0.38 and the coerci- 
vity He is 3800 oersted. In the direction ¢ = 90° 
(curve 3) the hysteresis loop is narrow and elonga- 
ted, /,/I; = 0.06 and He = 1100 oersted. 

Although in the last case saturation magnetization 
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FIG. 4. Relationship between coercivity and particle 
size for texturized specimens made from MnBi alloy 
powders: 1 — at d= 0, 2— at d= 9. 
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FIG. 5. Anisotropy of the remanence in 
texturized specimens made from 
MnBi alloy powders. 
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FIG. 6. Magnetization curves for a texturized specimen 
made from 4 p cobalt powder: 


l—atd= 


2—atd= 90. 


was not reached, the values of /,/], and H, reach- 
ed maxima at field strengths of 20,000 oersted. Thus 
as the angle ¢ is increased, the re-magnetization of 
specimens made from fine MnBi alloy powders be- 
comes steadily easier, whilst the area of the hys- 
teresis loop and the values of /-//; and He become 
smaller. 

Fig. 3 shows the relationship between H, and the 
direction, in the plane of the disk, for specimens 
made from MnBi alloy powders of different grain 
sizes. As can be seen from the figure, in the tex- 
turized specimen made from coarse powder of grain 


size 250 yn, H, has almost the same value at dif- 
ferent angles to the texture axis, the curve of H, 
against ¢ being circular in snape. In the specimen 
made from 65 powder the curve is nearly 
elliptical in shape, with the major axis lying along 
the texture axis. When the grain size of the powder 
is reduced still further (25 » and under) the shape 
of the H, (¢) curve resembles two cotangent circles, 
of increasing radius as the powder becomes finer. 
In the direction ¢ = 90° there is a pronounced mini- 
mum in H,, 

Fig. 4 shows the relationship between the coerci- 
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FIG. 7. Anisotropy of the coercivity in 
texturized cobalt powder specimens. 


FIG. 8. Relationship between particle size and coercivity for 
texturized specimens made from cobalt powders: 
l—atd= 0°, 
2-—at d= 90°. 


vity of texturized specimens made from MnBi alloy 
powder and the powder grain size, in the direction 
of d = 0° (curve 1) and d = 90° (curve 2). The coer- 
civity is plotted along the ordinate axis, in relative 
units (taking as unity the coercivity of the MnBi al- 
loy ingot from which the powders were prepared.) As 
can be seen from the curves in Fig. 4, as the pow- 
der size is decreased, the coercivity increases con- 
siderably in the direction ¢ = 0°, whereas in the 
direction ¢ = 90°, H, falls, the most pronounced 
drop occurring in the fine powder range. 

Fig. 5 shows between relative remanence and 
direction in the plane of the disk for specimens 
made from MnBi alloy powders of different grain 
sizes (720, 130, 65 and 9 » respectively). As fol- 
lows from the figure, the /,/I; (@) curves, but in 
contrast to the latter, the remanence is anisotropic 
even in the specimens from the coarsest powders. 
Thus, the /,/l; (f) curve for the specimen made from 
720 p powder is not circular but elliptical. 

(b) Anisotropy of magnetic properties in specimens 
made from cobalt powders. 


Fig. 6 shows magnetization curves in the direct- 
ions d = 0° (curve 1) and d = 90° (curve 2) taken on 
a texturized specimen made from 4 p cobalt powder. 
On comparing these curves it can be seen that here 
again the shape of the magnetization curve exhibits 
anisotropy. Magnetization occurs most easily in the 
direction d = 0° (curve 1) and saturation is reached 
at a field strength of 6000 oersted. As the angle is 
increased, magnetization becomes more difficult and 
at an angle ¢ = 90° the magnetization curve only 
reaches saturation at a field strength of 15,000 oers- 
ted (curve 2). The nature of the anisotropy in the 
magnetization curves does not alter with variations 
of particle size. 

The relationship between coercivity and direct- 
ion in the plane of the disk, for texturized speci- 
mens made from Co powders of different grain sizes, 
is shown in Fig. 7. As can be seen from the figure, 
in this case the coercivity is considerably less ani- 
sotropic than in MnBi powder specimens. The mini- 
mum value of H, occurs in the direction ¢ = 0° (the 
curves of coercivity against angle are somewhat 
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FIG. 9. Anisotropy of the remanence in texturized specimens 
made from cobalt powders. 


“flattened” in the direction corresponding to ¢ = 0°). 
The nature of the anisotropy of H_ remains invari- 
able as the particle size decreases. 

Fig. 8 shows the relationship between particle 
size and coercivity for texturized specimens made 
from cobalt powder, in the directions ¢ = 0° (curve 
1) and @ = 90° (curve 2). The He values are plotted 
in relative units along the ordinate axis. As can be 
seen from the figure, the change in coercivity due 
to reduction of the particle size is small. There is, 
however, an increase in He as the particle size is 
reduced, both along the texture axis and in a direc- 
tion perpendicular to it. 

Fig. 9 shows the relationship between relative re- 
manence and direction in the plane of the disk, for 
specimens made from Co powders of various grain 
sizes (250, 9, 2.5 and 1.5 u respectively). As can be 
seen from the figure, /,//; has a maximum value in 
the direction ¢ = 0° and a minimum in the direction 
= 90°. 

Thus, investigation of the magnetic properties of 
texturized specimens made from powdered MnBi alloy 
and Co has shown that the anisotropy exhibited by 
their magnetization curves is the same, namely, 
they are more readily magnetized in the direction of 
the texture axis than at an angle to it. The reman- 
ence also exhibits similar anisotropy (as the angle 
to the texture axis is increased, remanence is re- 
duced). However, the magnitude of the relative re- 
manence differs as between these materials. Thus, 
whereas the relative remanence along the texture 
axis in a specimen made from fine MnBi alloy pow- 
der of grain size 9 p is 100 per cent, in a specimen 
made from Co powder of grain size 1.5 p, /;/Is 


along the texture axis is only 18 per cent. The na- 
ture of the anisotropy of coercivity in texturized 
specimens made from powders also differs as bet- 
ween Co and MnBi alloy, in that H, along the tex- 
ture axis is a maximum for MnBi alloy powder spe- 
cimens, but a minimum for Co powder specimens. 


- ANALYSIS OF RESULTS 


As is well known, the critical size of a ferromag- 
netig material below which it assumes a single- 
domain magnetic structure, depends on the value of 
the anisotropy constant and on the saturation magne- 
tization. As K increases or/, decreases, the critic- 
al size d, increases [4]. Because of this it is to be 
expected thaf at room temperature MnBi alloy will 
assume single-domain structure at a larger grain 
size than will Co. Apparently, different degrees of 
attainment of single-domain structure can also ex- 
plain the differences in the anisotropy of coercivity 
in texturized specimens made from Co and MnBi al- 
loy powders respectively (Figs. 3 and 7). 

Both coarse and fine cobalt powders apparently 
consist mainly of particles with multi-domain mag- 
netic structures. The remagnetization of such par- 
ticles takes place predominantly by means of boun- 
dary displacement. This process occurs most easi- 
ly in the case where the external field coincides in 
direction with the texture axis (¢ = 0°). Any devia- 
tion from this direction makes remagnetization more 
difficult. Moreover, as the angle ¢ increases, the 
coercivity also increases. In the case of an ideal 
texture, and if boundary displacements alone occur, 
the anisotropy of H, must be described by the aniso- 
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FIG. 10. Comparison of the theoretical H, (fp) curve 
(curve 2) with experimental data (curve 1) for 
specimens made from MnBi alloy powder 
(d = 4p). 


tropy law of the critical field strength, 


H, 


cos 


H.= [5]. 


In specimens made from fine MnBi alloy powders, 
the maximum value of H, occurs in the direction 
coinciding with the texture axis (¢ = 0°). As the 
angle ¢ is increased to 90°, H_ gradually falls, 
reaching values down to some tens of times small- 
er than the H- value in the direction ¢ = 0° (Fig. 
3). As is well known, this type of anisotropy inH, 
must occur in a texturized specimen consisting only 
of single-domain particles with a single magnetic 
axis. In fact, in this case the specimen will be re- 
magnetized along the texture axis by irreversible 
rotation of the magnetization vectors 


which involves a very high coercivity [6]. In the 
direction d = 90°, on the other hand, H- will be 
vanishingly small, since here only reversible rota- 
tion is possible. 

Based on the assumption that only rotation pro- 
cesses can occur in fine particles of MnBi alloy, 
it is possible to calculate magnetization curves 
for various angles ¢ and to obtain theoretical an- 
gular relations for H, (d) and /; for this ideal 
case. Consider a chain of single-domain spherical 
particles. The angle of easy magnetization of the 
particles is orientated along the chain axis. Let 


FIG. 11. Comparison of the theoretical curve /p = Is 
cos @ (dotted curve) with experimental data (full 
curve) for specimens made from MnBi alloy powder 


(d= 


an external field H be applied at an angle ¢ to the 
chain axis. As the strength of H increases the vec- 
tors 


De 


I's 


are rotated, in all the particles, from the direction 
of easy magnetization to the direction of the field. 
The angle between the axis of easy magnetization 
and the vector 


> 


at some field strength H is denoted by 6. Then 


s 


The total energy of the chain can be writtent in the 
following form: 


E=E,+En+Ep 


E, kn sin’?@— 


is the energy of crystallographic anisotropy of a 
chain consisting of n particles of diameter a; 
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Ey, = — np H cos (¢ — 8) is the energy of interaction 
of. the particles with the external field H. The mag- 
netic moment of the particles is 


p Ep = n "(1 
i= 


is the energy of magnetic interaction between the 
particles [7]. 

The equation which the family of magnetization 
curves for various of angle ¢ is found from the con- 
dition that the total energy of the particles should 
be a minimun, i.e. 


and can be written as follows: 


n 


Yi-p 


Taking a = 5 x 10-‘cm [6], /, = 600 G and K = 
10’ erg/cm’, for the MnBi alloy, the equation obtain- 
ed can be tabulated out. As calculations showed, 
the contribution due to dipole interaction between 
the particles is insignificant in the case of MnBi 
alloy. The nature of the angular relationships H, 
(d) and /, (d) is determined in the first place by the 
energy of crystallographic anisotropy. For materials 
with a low crystallographic anisotropy constant, on 
the other hand, magnetic interaction between parti- 
cles will play the major role. The H, (d) curve ob- 
tained from equation (1) is shown in Fig. 10 (curve 
2) and for comparison the same figure includes the 
experimental H, (f) curve for a specimen made 
from 4 » MnBi alloy powder (curve 1). It can be seen 
that the theoretical and experimental values of H, 
differ widely in absolute magnitude, particularly in 
the range of small angles ¢; moreover, the two H, 
(f) curves are completely different in shape. Near 
the texture axis on curve 2 there is a sharp peak in 
H, (as ¢ increases from 0 to 30° the coercivity is 


halved). On the experimental curve 1, on the other 
hand, there is little change (not more than about 10 
per cent) in H, over this range of angles. 

Apparently, our assumption that all the particles 
have a single-domain structure and that only rotations 
of the vector /, can occur in them is not satisfied 
with respect to fine MnBi alloy powders of grain 
size 4-9 Probably these consist mainly 
not of single-domain particles but of particles hav- 
ing a peculiar magnetic structure which is transition- 
al between the multi-domain and the single-domain 
states [1]. A specimen consisting primarily of such 
particles is remagnetized along the texture axis by 
the nucleation and growth of the reverse phase, but 
in the direction at right angles mainly by reversible 
rotation of the /; vectors. In intermediate directions 
processes of irreversible or reversible rotation can 
occur, and also there may be nucleation of the re- 
verse phase. 

One and the same type of anisotropy is observed 
in the remanence of powder specimens in MnBi alloy 


=. sin — 2j cos + 


sin 29 — cos = pH. 


and cobalt (Figs. 5 and 9): the value of /, along the 
texture axis is in both cases greater than in the per- 
pendicular direction. In texturized specimens the 
axis of easy magnetization of the particles is orient- 
ated along the texture axis. In the residual magnet- 
ized state, in which the 


> 


Is 


vectors in the particles are directed along the axis 
of easy magnetization, the sample will have a maxi- 
mum magnetic moment in the direction of d = 0° and 
a minimum in the direction ¢ = 90°. 

In the case of ideal texture the anisotropy of the 
remanence in a disk can be described by the law 
I, = 1s; cos d. Fig. 11 shows the experimental curve 
(full line) of /;/l; against ¢ for a texturized speci- 
men made from 4 p MnBi alloy powder, and the theo- 
retical curve (dotted line). From Fig. 11 it can be 
seen that these curves are very close to each other. 
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Hence it can be concluded that in this MnBi alloy 
powder specimen, almost ideal texture had been 
produced, and that in the residually magnetized 
state there are no closure or reverse domains (or 
their value is negligible), the particles remaining 
single-domain even after removing the magnetizing 
field. In the case of fine Co powders the remanence 
is small in absolute magnitude (Fig. 9). This indi- 
cates the presence of a considerable volume of clo- 
sure and reverse domains [8]. 

From a comparison of Figs. | and 6 it follows 
that the anisotropies of the magnetization curves 
for texturized specimens made from powdered MnBi 
alloy and cobalt are similar in character. This can 
probably be explained on the grounds that in the 
finely powdered MnBi alloy in its initial state, 
which was produced by demagnetizing the specimens 
in an alternating magnetic field at liquid-nitrogen 
temperature, the structure is single-domain, like 
the magnetic structure of the cobalt. 


CONCLUSION 


Detailed study of anisotropy in the magnetic pro- 


perties of powder-metallurgy specimens made from 
MnBi alloy and from Co has made it possible to 
throw light on the nature of the domain structure in 
the powders. In finely powdered (1-10 1) MnBi alloy 
the transitional magnetic structure predominates, 
and in this case shows up as follows: 

(a) in directions near to the texture axis of the 
specimens remagnetization occurs equally well by 
rotation (in the case of single-domain particles) 
and by boundary displacement (in the case of multi- 
domain particles); apparently the major role here is 
played by hysteresis in the nucleation and growth 
of reverse domains: 

(6) in directions far removed from the texture 
axis rotation plays the major role in the process of 
technical magnetization. 

In fine Co powders of the same grain sizes as the 
MnBi alloy, the structure proves to be multi-domain, 
This is due to the fact that the anisotropy constant 
is substantially smaller in Co than in MnBi alloy, 
and the critical size for transition to the single- 
domain state is consequently smaller. 


Translated by E. Bishop 
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STUDY OF THE VARIATION WITH FREQUENCY OF THE PERMEABILITY 
OF SOME IRON-NICKEL AND IRON-COBALT ALLOYS IN THE FREQUENCY RANGE 
105- 10’ C/S* 
E.I. KONDORSKII and L.G. SMIRNOVA 
Central Non-Ferrous Metals Scientific Research Institute 
(Received 5 August 1957) 


At present there are no published systematic data on the study of the permeability of magnetic strip 
materials at frequencies of 10°- 10’ c/s. The aim of the present research was to obtain experimental data 
on the relationship between frequency and permeability in this frequency range and to compare the experi- 


mental results obtained with the theoretical. 


Materials were selected for examination which 
had values of different magnitude for the anisotropy 
constants and magnetostriction, namely: 

(1) standard iron-nickel alloys (Mo-permalloys) 
50N and 50NKHS — with small values of the aniso- 
tropy constants and magnetostriction; 

(2) Armco iron — with a relatively small magnet- 
ostriction and fairly high anisotropy constant; 

(3) iron-cobalt alloys containing 20, 36, 60 and 
72 per cent cobalt and having large magnetostric- 
tions with relatively small values of anisotropy 
constant. 

The iron-cobalt alloys were melted in a 1 kg high 
frequency furnace. The metal was poured into a 
chill mould. The alloy bars for sheet rolling had a 
length of 105-130 mm, a width of 70 mm and a thick- 
ness of 9-10 mm. 

The bars of metal were hot rolled in the longitu- 
dinal direction after heating to a temperature of 
1150°C and soaking for a period of 15 min. The mill 
rolls were preheated by the preceding rolling opera- 
tion. After each two passes the metal was reheated 
to the stated temperature. Within 6-7 passes the 
thickness of the bars had been reduced to 1.4-1.6 
mm. After hot rolling, carried out to reduce brittle- 
ness, the strips of metal were heat treated under 
the following conditions; heat to 920- 930°C, hold 
for 3 min, quench rapidly in running water. 

The metal reached the cold rolling stage after 
cleaning its surface by etching, followed by scratch 
brushing. The cold rolling to a thickness of 0.40- 
0.35 mm was carried out with the metal preheated 
to a temperature of 200°C, after preliminary rolling 
tests (on scrap metal cropped from the main strip). 


* Fiz. metal. metalloved, 6, No. 2, 237-246, 1958. 


The latter step was due to the need to select the 
optimum degree of rolling reduction. 

Specimens 0.15-0.10 mm thick were given an in- 
termediate heat treatment in an evacuated container, 
under the following conditions: heat to 1000°C, soak 
for 30 min, cool by immersing the container and met- 
al in water. After heat treatment the strips of metal 
were rolled down to a thickness of 0.016-0.010 mm. 
It should be noted that it was difficult to obtain 
strips of sufficient length at this thickness, because 
of the brittleness of the metal. Thin strips could not 
be produced in the binary iron-cobalt alloys contain- 
ing 40 to 50 per cent cobalt. 

Table 1 gives the chemical compositions of the 
iron-cobalt alloys investigated, according to the 
results obtained in the Chemical Laboratory of the 
Central Non-ferrous Metals Scientific Research 
Institute. 

The test specimens were prepared by coiling the 
alloy strip (10 mm wide) on special jigs. The inter- 
nal diameter of the majority of specimens was 20 mm, 
and the o.d. 25-28 mm. The insulation used between 
the turns was marshalite, in acetone suspension. 

The iron-nickel alloy specimens were annealed 
under standard conditions. The iron-cobalt alloy and 
Armco-iron specimens were held at a temperature of 
850°C, in vacuo, for a period of 10 hr. The cooling 
rate was 50°/hr to a temperature of 200°C, after which 
the container was withdrawn into the air. 

Table 2 gives typical data for the thickness of the 
strips from which the specimens were coiled, their 
specific electrical resistivity and initial magnetic 
permeability. 

Metallographic and X-ray structural examinations 
were carried out. The results of these examinations 
confirmed the single-phase structure of all the alloys 
produced. Texture diagrams obtained from the speci- 
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TABLE 1. 


Content of elements % 


| si | Ma | N | Co | 


| cr 


Traces 
0.047 
0,21 
0,26 
0.10 


Traces 


» 


» 
» 


Traces | Traces Traces 
» » » 


» » » 
» » > 
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mens showed that crystallographic texture was 
absent. Slight traces of texture were observed in 
the 50N alloy specimens, as was to be expected. 
After annealing the toroids, they were placed in 
special frames, in order to protect them from mecha- 
nical damage during coil winding and also to sepa- 
rate the coil from the metal strip. This was done in 
order to reduce somewhat the self-capacitance of 
the specimens during high frequency measurements. 


EXPERIMENTAL TECHNIQUE 


Measurements were made of the active and reac- 
tive impedance of the specimens under examination. 
For frequencies up to 3 x 10° c/s, the measurements 
were made using a Maxwell type a.c. bridge. For 
measurements at frequencies of 0.4-20 Mc/s a high- 
frequency a.c. bridge was used, the basic circuit 
of which is shown in Fig. 1 [1, 2] *. To measure the 
parameters of a specimen using this circuit the 
bridge has to be balanced twice: (1) with terminals 
“| -2” short-circuited and (2) with the specimen un- 
der investigation connected across them. 

The specimen parameters will then be expressed 
as follows: 


Caa—Cay 


R,=R, 


* Facilities to carry out the measurements on this 
bridge were granted to us by L.A. Fomenko. 


(Subscript “1” refers to the readings obtained 
with terminals “1-2” short-circuited, and subscript 
“2” to the readings obtained after connecting the 
ends of the specimen coil to these terminals). 

It can be seen from expression (1) that the active 
resistance of the specimen is determined by the 
fixed resistance Rj, the condenser capacity Cy and 
the value of the variable capacity of condenser C4. 
This circumstance is very important in ensuring 
reliable operation of the bridge. The point is that 
the errors, which are significant at high frequencies, 
in the manufacture of fixed resistances can be con- 
siderably smaller than those involved in the manu- 
facture of variable resistances. Variable air conden- 
sers, as is well known, can also be manufactured 
with quite satisfactory high-frequency parameters. 

Thus, by using a fixed ohmic resistance and air 
condensers in this type of bridge, and at the same 
time carefully calibrating the individual components, 
the problem has been solved of utilizing bridge cir- 
cuits for impedance measurements with moderate 
accuracy in the frequency range 0.4-60 Mc/s. 

A GSS -6 generator was used as the source of 
alternating e.m.f. for the measurements; the null- 
point indicator was a type IP-12 noise meter. The 
measurements were made in a high-frequency mag- 
netic field of low amplitude, within the limits of 
the linear portion of the magnetization curve. Ob- 
servation of the latter condition was checked ex- 
perimentally. 

Corrections have been made to the results of the 
measurements, to account for the presence of a 
certain inductance in the air condenser C4, the 
dielectric losses in condenser Cp, the capacitance 
of the connecting leads, the self-capacitance of the 
specimen coil, and also to account for the loss 
resistance in the winding and frame and the induct- 
ance of the coil without the core. The magnitudes 
of the first two corrections were found from graphs 
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TABLE 2. 


| Initial | Specific 
Cross permee- jelectrical 


Material Serial 
of prong No. of Strip section bility |resistivity 
specimen g/c specimen aoe: cut gauss/ 
| oersted | 
Armco 8.01 1 (3b) 2. 0.0526 490 
iron 1 (3s) 0.0403 
1 (3m) ; 0.0256 
4 0.0423 
1 (1) 0.0400 
1 (2) 14,2 | 0.0486 
Fe Co alloy 0.0913 
0% C s 0.0433 
(20% Co) II (3m) "1 | 0.0299 
II (2) 0.0674 
Fe Co alloy = ; 0.0584 
30% C V (3s é 0.0381 
OL ae IV (3m) 0.0255 
. IV (1) 0.0633 


6 IV (2) 14.2 | 0.0285 
958 


III (3b) 0.0958 
III (3s) 0.0464 

III (3m) 0.0334 
III (1) 0.0803 
III (2) 15. 0.0483 


0.0886 
0.0335 
0.0238 
0.0484 
0,086 


Fe Co alloy : V (3b) 


(72% Co) V (3s) 
(3m) 


V (2) 


i all VI (1b) 9 | 0.0392 
VI (2b) | 0.0477 

VI (1s) | 0.0357 
VI (1m) :3. | 0.0218 


Mo-permally VII (1b) 5. 0.0428 

79% Ni VII (2b) , 0.0508 
VII (1s) ae 0.0398 
VII (1m) 0 0.0248 


Fe Ni Cr alloy VIII (1b) | 12.3 | 0.0407 

50NKHS VIII (2b) | 0.0493 
VIII (js) 1 | 0.0375 
VIII (1m) | 0.0172 
VIII. (3m) | 0.0258 


of their variation with frequency. coils without core, measurements were made, on a 


To determine the self-capacitance of the speci- KV-1 Q-meter, of the Q-factors and the resonance 
men coils, the value of loss resistance in the wind- values of the frame-coil capacitance (without the 


ings and frame, and also the inductances of the specimens). During these measurements two metal 
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rings, split but connected to each other, were placed 
inside the frames. The rings were made from alumin- 
ium foil, of thickness about 1 yp. 

The self-capacitances of the coils were found 
graphically or by calculation, from the value of the 
capacity which had to be added to bring the coils 
into resonance at various frequencies. The effective 
values of the real and imaginary permeability, 4 
and p,, were calculated from the values for specimen 
inductance and loss resistance, after inserting the 
corrections noted above. 


The error in measuring the inductance and loss 
resistance of the specimens, according to a number 
of indirect determinations and estimations, was 
about 10 per cent. 


RESULTS 


As a.result of the measurements carried out, it 
was established that, for all the materials investi- 
gated, there are bands in the frequency range 105 
to 10’ c/s over which the permeability », drops, 
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accompanied by maxima in the permeability ,,. 


frequency for some of the iron-cobalt and iron-nickel 
Figs. 2-4 show curves of permeability against 


alloy specimens. A rough estimate of the frequency 
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FIG. 5. — x — x theoretical curves for a magnetically 
uniform strip (infinitely small domains); ——— for a 
strip consisting of two plane domains with boundaries 


parallel to its surface; 


for a strip consist- 


ing of three plane domains with boundaries parallel to 


its surface; 


for a strip containing plane 


domains with boundaries perpendicular to its surface 
and a domain width b = 10d, d being the strip thick- 
ness, for = 15d; for b = 20d. 


at which, in a uniform lamina of the order of 10y 
thick of magnetic permeability 10° and specific elec- 
trical resistance 10-° 2 cm., the depth of the skin 
layer will become comparable with the thickness 
of the lamina, gives a value of the order of 10° c/s. 
Thus, the drop in magnetic permeability over the 
frequency range 10° to 10’ c/s in the case of the 
present specimens may be due to eddy currents. 
However, in this case, when the transverse dimens- 
ions of the specimens are commensurate with the 
dimensions of the domains, the nature of the drop 
in magnetic permeability due to eddy currents must 
be influenced materially, as has been shown 8 [3- 
6], by the magnetic structure of the specimens. 

In order to elucidate the cause of the drop in mag- 


netic permeability observed in the specimens exam- 
ined by us, determinations were made of : 

(1)the values of “true” permeabilities and 
obtained after excluding the eddy current effect, by the 
Arkad’ev method [7]. This method, as is known, is 
based on the assumption that the magnetic permea- 
bility of the medium is uniform, i.e. the method can 
be used in those cases where the transverse dimens- 
ions of the domains are considerably smaller than 
the thickness of the skin layer and the specimen 
thickness, and the specimen contains no macroscopic 
non-uniformities such as surface work-hardening 
and the like; 

(2) the theoretical values of the effective permea- 
bilities 2, and y, for a number of variants of magnetic 
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FIG. 8. As in Fig. 5. 


structure, calculated from the formula by Polivanov. 
Determinations of p, and p, were carried out for the 
cases where the domains are in the form of laminae 
with boundaries respectively parallel and perpendi- 
cular to the surfaces of the strip. 

The curves for » and p’, obtained by the Arkad’ev 
method, are shown as continuous lines in Figs. 2- 
4. 

Figs. 5-9 show the theoretical curves for a num- 
ber of magnetic structure variants. Here the values 
U,/f, and p?/p, are plotted on the ordinate axis, [Up 
being the initial permeability, and on the absissa 
axis the values of reduced frequency 


w C2 
=— ,where® = ———_, 


y being the electrical conductivity (in CGS units) 
and d the plate thickness [see 6]. On the same 
figures, the points show the values of u,/p,. and 


H2/po for various specimens, derived from the mea- 
sured data. 

From the data obtained it can be seen that the 
curves for true permeability also show a drop, and 
the p’ curves a broad maximum, in the frequency 
range 10° to 10’ c/s. If we take out of account the 
p and p’ curves for specimens with a high cobalt 
content (Fig. 3) which are complicated, the drop in 
“true” permeability apparently indicates that in the 
case under discussion the dimensions of the domains 
are commensurate with the strip thickness and the 
depth of the skin layer and consequently, the as- 
sumption that p is uniform is here inapplicable. The 
reason for a maximum appearing on the yp curves for 
specimens of high cobalt content is not clear. The 
most probable reason is macroscopic non-uniformity 
in these specimens. 

Comparison of the theoretical curves shown on 
Figs. 5+9 with the experimental results, shows that 
the theoretical curves satisfactorily describe, to a 
first approximation, the observed relationship bet- 
ween permeability and frequency. The best agreement 
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FIG. 9. As in Fig. 5. 


is found in the specimens of iron-nickel alloys and 
the iron-cobalt alloy specimen containing 36 per 
cent cobalt, i.e. in the specimens with low values 
of the anisotropy constants. In this respect, the ex- 
perimental points lie closest to the curves corres- 
ponding to a laminar structure with boundaries per- 
pendicular to the specimen surfaces (see Fig. 9 for 
example). In the case of specimens with high values 
of the anisotropy constants (iron) or with high va- 
lues of magnetostriction (alloys containing 60-70 
per cent of cobalt) the experimental points do not 
lie on any of the theoretical curves (this is particu- 
larly true of the p/p. curves). Apparently this is 
connected with the fact that in specimens with low 
anisotropy constants the magnetic moments of the 
domains are mainly orientated in the plane of the 
sheet and the magnetic structure approximates to 
the laminar structure with magnetic moments direct- 
ed along the specimen surface, as is considered in 
the theory. In the case of specimens with large ani- 
sotropy constants the magnetic moments of the do- 
mains are orientated along the corresponding crys- 
tallographic axes, which in many cases do not lie 
in the plane of the sheet and are differently orient- 


ated in different crystallites. In this case the mag- 
netic structure is complicated and differs substantial- 
ly from that considered in the theory. 

It should be pointed out that the results of an in- 
vestigation of the relationship between coercivity 
and sheet thickness [8-10] indirectly confirm the as- 
sumptions put forward. This relationship is consider- 
ably more clearly evinced in the case of materials 
with larger anisotropy constants, in which the non- 
uniformity of magnetic structure leads to a sharp 
increase of coercivity with thickness in transformer 
steel [8] even at thickness of 20-50 p, whereas in 
the case of Permalloy [9] at the same thickness, 
deterioration of a similar nature, i.e. associated 
with magnetic structure, is not observed. 


Translated by E. Bishop 
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In a previous paper [1] a description was given 
of an experimental equipment for the study of elec- 
tromagnetic phenomena in rails, when the latter 
were magnetized in a moving magnetic field. No con- 
sideration was given to the problem of translating 
the results of model investigations to the case of 
the magnetization of rails under real conditions. 
This problem can be solved by means of the simi- 
larity theory. The latter, as is well known, makes 
it possible to extend the results of investigations 
on an elementary phenomenon to a whole group of 
phenomena. 

In the equipment developed by us for obtaining 
model representations of the magnetization of rails 
under conditions of motion, use is made of a model 
of a type I-A rail, whereas rails of various types 
are used in the transport industry. They differ one 
from another in linear dimensions, whilst within the 
limits of a given type they vary in the degree of 
wear on the rail head. In some cases, rails may dif- 
fer in manufacturing technique or chemical] composi- 
tion. The properties of the rails also depend on 
temperatures. The latter may vary within the limits 
of a certain range, depending on the time of year. 
Moreover, it has been found that the model rail 
heats up when rotated in a magnetic field. 

In this connexion it seems desirable to analyse, 
even if only to a first rough approximation, the ex- 
tent to which the rails in use in the transport indus- 
try differ from the model rail, to establish to which 
rails the results of the model investigations relate 
and also to consider the similarity ratios for the 
quantities taking part in the phenomena produced 
when a source of magnetic flux and a body magnetiz- 
ed by it are in a state of relative motion. 


ELECTRICAL CONDUCTIVITY AND MAGNETIC 
PROPERTIES OF RAILS 


Information on the electrical conductivity and 


* Fiz. metal. metalloved., 6, No. 2, 247-254, 1958. 


magnetic properties of rails is not notable for its 
adequacy and completeness, since these properties, 
generally speaking, are studied in passing, for the 
solution of some particular problem. Magnetization 
reversal curves and hysteresis loops for rail materi- 
al in weak fields have been studied by Bol’shakov 
[2] and by Bosin [3]. The initial magnetic permeabi- 
lity of rail steel, according to these investigations, 
is about 90 fo, where po is the permeability of a va- 
cuum. Quenching and cold working cause a reduction 
of the initial permeability, by about one half. The 
behaviour of rail steel under tensile and compres- 
sive loads is analogous to the behaviour of poly- 
crystalline iron [4]. 

A magnetization reversal curve for rail material 
was determined by Yanus [5], in the range of field 
strengths from 50 to 200 A/cm. Similar curves for 
material from the head, web and foot of a type I-A 
rail, at field strengths up to 200 A/cm, were obtain- 
ed by Polivanov [6]. It should be noted that the mag- 
netization curves for these parts of the rail differed 
only slightly one from the other. The remanent in- 
ductions for material from the head, web and foot, 
according to the results in the same paper, were 
0.58, 0.12 and 0.28 Wb/cm respectively. The differ- 
ences in the magnetization curves and remanent in- 
ductions between material from the head, web and 
foot are apparently explained by the different cool- 
ing conditions in these parts of the rail, after rolling. 

The magnetic field strengths used for the inspec- 
tion of rails under conditions of motion considerably 
exceed the field strength corresponding to maximum 
magnetic permeability. The latter has of course a 
substantial effect on the magnetization process in 
the rails. As a matter of definition, when the mag- 
netic permeability of rails and models is referred to 
from now on, maximum permeability will be under- 
stood. 

The magnetic permeability curve for material from 
the head of a type J-A rail, which we have derived 
from the corresponding magnetization reversal curve 
given by Polivanov [6], is shown in Fig. 1. The 
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FIG. 1. Relationship between magnetic permeability p 

for material from the head of a type J-A rail and the 

field strength H (curve 1) and its mean value in the 

range of field strengths used in the inspection of rails 
(straight line 2). 


maximum permeability, as can readily be seen, is 
roughly 350, whilst according to Bosin’s data [3] 
it is 500 po. 

The specific electrical resistivity of rail steel 
at room temperature is 0.184 x 10~ Qcm in one 
particular case [6] and 0.21 x 10 cm in another 
[2]. The latter value is used in practice for calcula- 
ting rail circuits [7]. The electrical resistivity of 
a specimen of rail steel was determined at — 50°, 
18° and 200°C by Dobrovidov and Kusnatsov [8]. 
Depending on the time of year and the geographical 
location, rails may attain temperatures within the 
range from — 50° to 65°C [9]. 

Generally speaking, the electrical conductivity 
and magnetic permeability depend on the chemical 
composition of the rails, the manufacturing techni- 
que and the temperature concerned. The limits with- 
in which maximum magnetic permeability and elec- 
trical conductivity can vary, are not known. How- 
ever, it is possible to estimate, to a first approxi- 
mation, limiting values for specific electrical resist- 
ivity. A similar estimate does not seem feasible 
for magnetic permeabilities. 

We have made a rough estimate of the specific 
electrical resistivity of rails in the temperature 
range from — 50° to 65°C, taking into account the 
degree of hardness of the rails. The temperature 
coefficient was here determined from the data given 
in the paper Dobrovidov and Kutznetsov [8]. The 
steel which they studied was taken as hard and 
that studied by Polivanov [6] as soft. As a result 
of the estimate it was established that the iowest 
specific electrical resistivity for rail steel is about 
0.14 x 10“ and the highest 0.26 x 10 Qcm. 
These values seem to us to be reasonably probable. 


Q 200 400 600 800 G00 
N rev/min 


FIG. 2. Relationship between temperature ¢ in a 
model rail and its speed of rotation N in an ex- 


ternal magnetomotive force of: 
(1)— 3.5, (2)—4.4; (3) — 6.6 (4) — 9.9; 
(5) 13 thousand ampere-turns. 


The value used in practice [7] for the specific elec- 
trical resistivity at a temperature of 20°C almost 
coincides with the mean of the values found by us. 


ESTIMATION OF SPECIFIC ELECTRICAL 
RESISTIVITY FOR MODEL RAILS 


Preliminary experiments had shown that on rota- 
ting the model rail in a magnetic field, it was heat- 
ed up noticeably. In connexion with this, measure- 
ments were made of the temperature to which it rose 
for various values of speed of rotation and experi- 
mental field strength. The distance between each 
of the electromagnet pole faces and the model rail 
surface was constant at 5 mm. The temperature of 
the model rail was determined as follows. After the 
lapse of a certain period long enough to establish 
equilibrium between the heat developed in the model 
rail and that lost to the surroundings, the model 
was brought to a standstill as rapidly as possible 
and its temperature measured. For this purpose a 
copper-constantan thermocouple was used, with a 
small copper plate brazed to the measuring junction 
to increase the contact area between thermocouple 
and model rail surface. 

The results of temperature measurements on the 
model rail are shown in Fig. 2. It can be seen from 
the figure, that ite temperature increases with in- 
creasing speed of motion, at a faster rate as the ex- 
ternal field strength is raised. Consequently, the 
electrical conductivity, and to a certain extent the 
magnetic characteristics of the model rail, will de- 
pend on the experimental conditions. 

The relationship between the specific electrical 
resistivity of the model rail and the speed of motion 
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FIG. 3. Relationship between specific electrical 
resistivity p of a model rail and its speed of ro- 
tation N in an external magnetomotive force of : 


(1) — 3.5; 
(2) — 4.4; 
(4) — 9.9; 


(5) 13 thousand ampere-turns. 


TABLE 1. Ratio of linear dimensions of various types of rail to the model type I-A rail 


Linear size 


of head of 


Coefficient of geometrical similarity in relation 
to the model for rails of type 


rail as 


regards SH—A 


R —38 | 


R—43 R —50 


Width 
Height - 


4 


3.5 
3.5 


Average 


3.3 | 3.5 


and external field strength can be fairly simply es- 
timated quantitatively. The results of this estima- 
tion are shown in Fig. 3. It can be seen from the 
figure, that the specific electrical resistivity of the 
model rail for the entire range of speeds pi Sato 
nal field strengths, with the exception of curves 4 
and 5, remains within the range between 0.21 x 10° 
Qem and 0.26 x 10“ Qem, i.e. between the maxi- 
mum and mean values quoted above for the specific 
electrical resistivity of rails. In the case of power- 
ful fields (curves 4 and 5) and high speeds of mo- 
tion it exceeds the second value. For low external 
field strengths, e.g. in the case of curve 1, the spe- 
cific electrical resistivity of the model rail is al- 
most independent of the speed of motion. 


ON THE SPEED OF MOTION OF THE 
MAGNETIC FLUX SOURCE RELATIVE 10 THE 
RAILS 


Estimation of the speed of motion of the magne- 
tic flux source relative to the rails, from the results 
of the model experiments, is one of the crucial 
points in interpreting the experimental data for 
models of the magnetization of rails in a moving 
field. Suitable relationships for the speed of motion 
of the field relative to the rail can be derived from 
the condition of equal similarity criteria for rail 
and model. Thus, the expression for the required 
speed of motion, having regard to the similarity 
criterion [1], can be written as: 
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where v, is the speed of motion of the source relat- 
ive to the rail, & the coefficient of geometrical simi- 
larity, which is the ratio of a linear dimension, /, 
in the rail to the corresponding linear dimension / 
in the model, p, and p the relative magnetic permea- 
bility at like points in the rail and the model respect- 
ively, p, and p the specific electrical resistivities 
of the rail and the model respectively, and v the 
speed of motion of the model. The minus sign signi- 
fies that the direction of the speed of motion of the 
flux source relative to the rails is opposite to that 
of the model relative to the flux source. 

This expression for the velocity can be written in 
the following form 


where D is the diameter of the model rail and N the 
number of revolutions it makes per minute. 

When the numerical values of w and the value D= 
1.04 x 10~* km are substituted in this expression, 
and the minus sign omitted, we obtain 


fey, 
Hi 


in which v, is expressed in km/hr. 

We shall now consider the role of the factors 
p/p, and p,/p in this expression for speed of motion. 
By the first, we imply the ratio of the maximum per- 
meabilities in corresponding parts of the rails and 
the model. 

Of course, the model rail in its various physical 
states, determined by external experimental condi- 
tions, on the one hand, and the rail as used in the 
transport industry, on the other, represent systems 
of different materials. On going over from the one 
material to the other, the specific electrical resist- 
ivities and the magnetic permeabilities will change, 
as is well known in opposite directions. Conse- 
quently, the factors »/p, and p,/p participate in the 
expression for velocity in the form of the combina- 
tions 


| 
By 


In contrast p,/p, the factor /p, cannot be esti- 
mated qualitatively, for lack of suitable data. How- 
ever it can be confirmed that in the case under con- 
sideration /p, is comparable in magnitude to p,/p. 
To a first approximation we can clearly take p/p, = 
p./p, and on taking this into account, we obtain, on 
the basis of (1), the following equation for the speed 
of motion: 


which in a particular case (when p, = p) simplifies 
to: 


0,2 
Uo N, (3) 

This expression in essence defines the speed of 
motion of the flux source relative to rails, which do 
not differ from the model rail as regards electrical 
conductivity and magnetic characteristics, in cor- 
responding experiments. 

For the speed of motion v, in the case of rails 
which differ to some extent or other from the model 
rail, we can clearly write 


Uo + Av,, 


where A », is the incremental velocity. 
Hence, taking (2) and (3) into account, we have 


dv, = (4) 


Using this relationship, we shall estimate the 
limiting values for the speed of motion of the mag- 
netic flux source relative to the rails, for the case 
of the conditions of most interest from a practical 
point of view, corresponding to curves 1-3 in Fig. 3. 
In this case, the specific electrical resistivity of 
the model rail lies in the range 0.22 x 10“< p< 
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0.26 x 10% Qcm. Bearing in mind these values and 
the maximum and minimum values quoted above for 
the specific electrical resistivity of rails, we find 

that p,/p lies within the following limits: 


05< <1,2 


Consequently, on the basis of (4), and taking 
(5) into account, we obtain for the limits of the in- 
cremental speed of motion the values : 


Av, =—0.7 up 


Av; = +0.4 Uo. 


This signifies that the speed of motion of the flux 
source relative to the rails lies within the limits 


0.3u, < < 1.4Up, (6) 


where vp is the velocity defined by relationship (3), 
i.e. without taking into account the differences bet- 
ween rails and model as regards magnetic permea- 
bility and electrical conductivity. 

It follows from the elementary analysis given 
here that similar phenomena can be achieved in the 
face of differences in physical properties between 
rails and model by suitably varying the speed of 
motion, the nominal value of which is defined by 
relationship (3). It is not difficult to see that the 
speed of motion of the flux source relative to hard 
rails must be somewhat higher than in the case of 
soft rails. 

We shall now analyse the role of the coefficient 


of geometrical similarity in the expression for 
speed of motion. This coefficient depends on the 


type of rail, i.e. on its linear dimensions. The 
values of coefficient of similarity for rails of vari- 
ous types are given in Table 1. 

It can be seen from the table that the coefficient 
of geometrical similarity varies by and large from 
3.0 to 3.7 in going from rails of the light type to 
the heavy. Bearing these values in mind, it follows 
from expression (3) that the speed of motion of the 


magnetic flux source relative to rails of the light 
type(IU-A and SH-A) must be higher than in the 

case of rails of type J-A and heavier. It should be 
pointed out that very hard rails are quite frequently 
encountered amongst the light types of rail. The 
speed of motion during magnetization must again be 
higher for these, because of their poorer magnetic 
and electrical properties compared with normal rails. 
In this connexion, it must be expected that the per- 
formance of the defectoscope, which presumably re- 
veals defects as a result of unidirectional induced 
currents, must be more efficient in the inspection of 
rails of the heavy types, than in the case of light 
type rails, other things being equal. 

In conclusion it should be noted that in the follow- 
ing, we shall relate the results of studies on the 
model to rails of type J-A, assuming that their elec- 
trical conductivity and magnetic properties corres- 
pond to the model rail in the respective experiments. 
This makes it possible to use the simpler relation- 
ship (3) instead of expression (4) in calculating the 
speed of motion of the flux source. The relative er- 
ror in estimating the speed in this case amounts to 
2 per cent. 


COEFFICIENTS OF SIMILARITY FOR SOME 
PHYSICAL QUANTITIES 


In converting the particular values of physical 
quantities determined in model experiments to the 
case of phenomena observed on specimens. it must 
be borne in mind that like values in similar systems 
are proportional. The constants of proportionality, 
as is well known, are called coefficients of simi- 
larity. 

The relationships between the values in similar 
phenomena, when a magnetic flux source and the 
object magnetized by it are in a state of relative 
motion, are shown in Table 2. Here the values with 
the subscript refer to phenomena observed on spe- 
cimens and those without subscript to model pheno- 
mena. It is assumed, in accordance with the require- 
ments of the similarity theory, that there is complete 
coincidence between the magnetization curves for 
the materials, in like parts of the similar systems. 
Again there must be identical electrical conducti- 
vities in comparable parts of the systems. Some of 
the relationships given here have been adopted from 
the monograph by Arkad’ev [10]. The remainder can 
be comparatively simply derived from the correspond- 
ing expressions, taking the coefficient of geometrical 
similarity into account. We shall, therefore, not 
hold matters up to prove the relationships here pre- 
sented. 


Experimentation of experimental data 


TABLE 2. Relationships between quantities in similar systems when a magnetic flux source and a body 
magnetized by it are in a state of relative motion. 


Name of quantity 


Relationship between 


qualities 


Magnetic field strength 
Magnetic permeability 
Magnetic induction 

Coefficient of demagnetization 
E.m.f. 

Linear size 

Current strength 


m.m.f, 


Quantity of heat 


Current density 


Electrical field strength........... 


Electrical resistance 


Speed of motion 


Area 
Magnetic flux 
Heat loss 
Similar time 


eee 8 


As can be seen from the table, the coefficients 
of similarity for quantities in the case where a 


source of magnetic flux and a body magnetized there- 


by are in a state of relative motion, have quite de- 
finite values, namely 1/k, 1, k and k?. Here k is the 
coefficient of geometrical similarity. 


CONCLUSIONS 


It has been established that the experimental 
data obtained in experiments with a model of a type 
J-A rail can, to a first approximation, be extended 
to rails of other types encountered in railway trans- 
port, similarity of the phenomenon being achieved, 
when the rails differ from the model in respect of 
geometry and magnetic and electrical properties, by 
adjusting the speed of motion of the source of mag- 
netic flux, within acceptable limits. Suitable rela- 
tionships are given for estimating the speed of mo- 
tion of the magnetic flux source relative to the rails, 
and some other physical quantities, according to the 
data from the model experiments. 

It is shown that the performance of the defectos- 
cope in revealing defects by means of eddy currents 
set up in components by a moving source of mag- 
netic flux, must be more efficient in the inspection 


of present day rails of the heavy type than of the 
old light type rails. 


Translated by E. Bishop 
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ON THE EFFECT OF MINOR ADDITIONS ON DIFFUSION COEFFICIENTS IN 
POLYCRYSTALLINE MATERIALS. II* 


Vv. I. ARKHAROV, S.M. KLOTSMAN and A.N. TIMOFEEV 
Institute of Metal Physics, Urals Filial, Academy of Sciences U.S.S.R. 


(Received 21 August 1957) 


A study has been made of the effect of 0.1 per cent beryllium additions on the intercrystalline 


diffusion of silver in polycrystalline copper, by the method of radiometric analysis of thin sections. 
It was shown that in the beryllium-containing alloy the coefficient of intercrystalline diffusion is 
higher than in pure copper, the extent to which this coefficient changes depending on the prior treat- 
ment of the alloy. Conclusions are reached regarding the adsorption activity of beryllium in copper 
and the nature of the relationship between temperature and the beryllium concentration in the inter- 


crystalline transition zones. 


Systematic study of the effect of minor additions 
on frontal diffusion has been pursued in a whole 
series of researches in our laboratory [1-5]. In these 
researches comparisons have been made of the metal- 
lographically revealed pictgre of the diffusion zones 
for a third element in the pure solvent and in alloy 
containing minor additions. Conclusions have there- 
by been reached regarding the adsorption activity 

of a number of minor additions and their effect on the 
diffusion rate of a third element in the intercrystal- 
line transition zones of the solvent. 

In [2], based on a comparison of the microstruct- 
urally revealed picture of the diffusion zones of 
silver in pure copper and in copper alloyed with 0.1 
per cent beryllium, the assumption was made that 
beryllium retards both the volume and the intercrys- 
talline diffusion of silver in copper, and the slowing 
down of intercrystalline diffusion was made the basis 
of deductions regarding the adsorption activity of 
beryllium. 

A start has recently been made on checking the 
results previously obtained, by more direct methods 
using radioactive indicators [6]. In this work, the 
conclusion regarding the adsorption activity of anti- 
mony in copper was confirmed, but ideas on the ef- 
fect of antimony, adsorbed in the intercrystalline 
transition zones, on the diffusion permeability of 
these zones, were rectified and it was shown that 
the microstructural method is of limited applicabili- 
ty to the study of this type of phenomenon. 

In the present work, a study was made of the ef- 
fect of small beryllium additions on the diffusion 


* Fiz. metal. metalloved., 6, No. 2, 255-260, 1958. 


coefficient of silver in polycrystalline copper, using 
the radiometric method of measuring the diffusion 


parameters. 


MATERIALS AND PROCEDURE 


The starting materials used were electrolytic cop- 
per re-melted in vacuo, and chemically pure beryl- 
lium. After vacuum melting, the copper alloyed with 
0.1 per cent beryllium and the pure copper were for- 
ged to 10 mm square bar. The entire heat treatment 
and diffusion annealing of the specimens was car- 
ried out in a vacuum of the order of 10“ to 10-7 mm 
Hg. During annealing, the temperature was control- 
led to an accuracy of + 3°C. After forging, all the 
specimens were recrystallized for 5 hr at 900°C. 

We adopted the following variants of prior heat 
treatment: 

1. Anneal 100 hr at 863°C. 

2. Anneal 100 hr at 863°C, then 50 hr at 590°C. 

In addition a study was made of specimens which 
had only had the recrystallization anneal. The pure 
copper specimens were subjected to exactly the 
same heat treatments. The grain size before diffus- 
ion annealing was the same in all the specimens, 
of the order of 1 mm. 

A coating of radioactive silver, Ag'?®, was applied 
to the surface of the diffusion specimens by vacuum 
sputtering. 

The diffusion annealing was carried out for 100 
hr at a temperature of 590°C. The pure copper speci- 
mens and the copper alloy specimens with 0.1 per 
cent beryllium, heat treated in various ways, were 
all diffusion annealed at the same time. 

The distribution of silver in the diffusion specimens 
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FIG. 1. Graph of relationship log i = f (y ) for diffusion 
of silver in pure copper. Diffusion time 100 hr, temper- 
ature 590°C. The graph shows points taken from speci- 
mens subjected to the same treatments as the alloy 
specimens. 


was determined, using one of the variants of radio- 
metric sectional analysis, namely the method of 
integral residue [7]. 

The thickness of the sections removed varied in 
the range 10-20 y and was measured to an accuracy 
of + 2p. 

The B-ray activity of the residue was measured 
on end-window counting tubes of types T25-BF'L 
and MST-17, using standard counting equipment. 

From the experimental data obtained, the relation- 


ship 

logi=f(y), 
was derived, where i is the relative specific acti- 
vity of the section and y the distance of the section 


from the source of diffusion. 
In all cases, this relationship was of linear form: 


log i = ky. 


The experimental data were evaluated on the basis 
of Fisher’s calculation for intercrystalline diffusion 


[8]. 


FIG. 2. Graph of relationship log i = f (y ) for diffusion 
of silver in specimens of copper alloyed with 0.1 per 
cent beryllium, without prior heat treatment. Diffusion 
time 100 hr, 
temperature 590°C. 


The slope of the linear relationship 
log i = ky, 


required to calculate the diffusion parameters, was 
determined by treating the experimental points by 
the method of least squares. 


RESULTS AND THEIR DISCUSSION 


The experimental relationships between the log- 
arithm of the relative specific activity and the depth 
of diffusion are given in Figs. 1 to 5. Each graph 
gives the experimental points taken on 5-6 speci- 
mens examined in different experiments. Consequent- 
ly the scattgr of points which can be seen is due not 
only to errors in measuring the activity and thick- 
ness of the sections taken but also to possible vari- 
ations in the conditions of the different specimens. 

Comparison of the penetration curves of silver in 
specimens of pure copper and of copper alloyed with 
0.1 per cent beryllium (Fig. 5) shows that at equal 
depths, the silver concentration is higher in the al- 
loy than in the pure copper. This fact shows that 
silver penetrates more rapidly into the beryllium- 
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TABLE 1. 


Calculated 


parameter 


Composition and 
treatment of specimens 


5 D’ 


Copper — 0.1% beryllium alloy, no prior heat 


Copper — 0.1% beryllium alloy, after annealing 
100 hr at 863°C and 


164 1.3 - 1078 


103 3.3- 107° 


containing alloy than into pure copper. 
Table 1 gives values for the slope of the penetra- 
tion curve and the parameter 


, 
vol 


6 is the effective half-width of the intercrystalline 
transition zone, D’ the effective coefficient of dif- 
fusion in the intercrystalline transition zone and 
D,o| the effective coefficient of volume diffusion. 
It can be assumed that the addition of 0.1 per cent 
of beryllium to copper will have practically no ef- 
fect on the coefficient of volume diffusion.* 
Consequently, the entire change in the parameter 


8 D’/D* 


vol 


in the alloy can, to a first approximation, be explain- 
ed by the change in the value of the diffusion per- 
meability of the intercrystalline transition zones. 


* In reference [6] it was found that the addition of 
0.4 per cent of antimony had a very slight effect 
on the coefficient of volume diffusion for silver in 
copper. Since 0.1 per cent Be and 0.4 per cent Sb 
represent roughly equal fractions of their respective 
solubilities, the results previously obtained can serve 
as a guide on which to base this assumption. 


* The volume coefficient of diffusion for Ag in Cu at 590°C was estimated from preliminary 
data on the temperature relationship log D = f (T). 


To the approximation to which the model and the 
Fisher calculation based theron are valid, it can be 
said that the addition of 0.1 per cent of beryllium 
to copper increases the diffusion permeability of the 
boundaries. 

As can be seen from Fig. 5 and Table 1, different 
heat treatments prior to diffusion annealing lead to 
changes in the parameter 


5 D*/D* 


vol 


Here again one cannot expect any change in the 
coefficient of volume diffusion. The beryllium con- 
centration in the alloy investigated is at least of 
one order smaller than the saturation concentration 
in the temperature range 870- 580°C. It can therefore 
be assumed that heat treatment in this range cannot 
cause the solid solution to be impoverished and the 
composition to become non-uniform, as a result of a 
varying stability of the solid solution within the 
grain. 

Consequently, the different heat treatments lead 
to changes in the diffusion permeability of the inter- 
crystalline transition zones. 

In our opinion, the effect of prior heat treatments 
on the boundary diffusion permeability can be ex- 
plained on the basis of the idea of the internal ad- 
sorption (horophilia) of beryllium. 

At present there are no grounds for assuming that 
prior heat treatment can lead to structural changes 
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FIG. 3. Graph of relationship log i = f (y ) for 
diffusion of silver in specimens of copper alloyed 
with 0.1 per cent beryllium, previously annealed 
for 50-100 hr at 863°C. 


in the intercrystalline transition zones in a pure 
solvent. In our experiments we have not observed 
such an effect, within the limits of experimental ac- 
curacy. In all the pure copper specimens, subject- 
ed to various prior heat treatments, the slope of 

the straight line log i= ky remained the same. Thus 
the changes in the diffusion permeability of the 
boundaries in the alloy after different heat treat- 
ments is caused by changes in the composition of 
the intercrystalline transition zones. 

Since the presence of beryllium in the alloy leads 
to an increase in the diffusion permeability of the 
boundaries, we think it is possible to suppose that 
the increase (or decrease) of the diffusion permea- 
bility of the intercrystalline transition zones is 
associated with an increase (or decrease) in their 
beryllium content. 

Thus the prior heat treatments lead to changes 
in the diffusion permeability of the intercrystalline 
transition zones, by changing the concentration in 
them of the horophilic element. 

In this deduction, only one assumption is made 
regarding the connexion between the changes in 
the diffusion permeability element and the changes 
in concentration of the horophilic element. It can 
therefore be said that the hypothesis formulated in 
[9], regarding the existence of a relationship bet- 
ween temperature and degree of adsorption (a rela- 
tionship between temperature and concentration of 


y, cm x 10° 


FIG. 4. Graph of relationship log i = f (y ) for 
diffusion of silver in specimens of copper alloyed 
with 0.1 per cent beryllium, previously annealed 
for 100 hr at 863°C and 50 hr at 590°C. 


horophilic element in the intercrystalline transition 
zones) has been experimentally confirmed. 

Since heat treatment at 863°C in our experiments 
leads to the minimum diffusion permeability in the 
boundaries, the beryllium concentration in the inter- 
crystalline transition zones must be a minimum at 
this temperature. 

The increase in the diffusion permeability of the 
boundaries after treatments at 590° and 900°C is 
evidence for a higher beryllium content in the inter- 
crystalline transition zones at these temperatures 
than at a temperature of 863°C. Comparison of the 
temperature relationship found with the bulk solubi- 
lity curve for beryllium in copper [13] indicates that 
the temperature curve for adsorption is the reverse 
of the volume solubility curve. In [10, 11] it is stat- 
ed that it is possible to have just such a relationship 
between temperature and degree of adsorption as is 
observed with beryllium in copper. 

It can be expected that, depending on the nature 
of the horophilic addition, the temperature curve of 
the degree of adsorption will have the same sign as 
that of the bulk solubility [9] or the opposite sign 
(10, 11]. 

Comparison of the results we have obtained with 
the microstructural pictures obtained earlier for the 
diffusion of silver in pure copper and in copper al- 
loyed with 0.1 per cent beryllium shows that the 
microstructural method may be used to study such 
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FIG. 5. Effect of addition of 0.1 per cent beryllium to copper and of 


prior heat treatment of the alloy on the slope of the straight line log VOL 
i = ky: 
I — pure copper; 6 
II — copper alloyed with 0.1 per cent beryllium, treated 100 hr at 1958 


863°C; 


III — copper alloyed with 0.1 per cent beryllium, treated 100 hr at 


863°C and 50 hr at 590°C; 


IV —copper alloyed with 0.1 per cent beryllium, without prior treat- 


ment. 


phenomena only with great caution. The absence of 
salients on the diffusion front along the grain boun- 
daries in the copper 0.1 per cent beryllium alloy, in 
the microstructurally revealed picture of silver dif- 
fusion, can be given an analogous explanation to 
that given in [6]. 

The rapid diffusion along the intercrystalline 
transition zones, and the ow escape of the diffus- 
ing silver from these zones into the body of the 
grains lead to the formation of such narrow salients 
on the diffusion front as to remain undetectable in the 
microstructure. Analogous difficulties arise in the 
autoradiographic study of such phenomena, since 
the autoradiographic detectability of a source of 
radiation depends on its dimensions, the concent- 
ration of the labelled component in it, etc. 

These conclusions from the results of radiometric 
examination of the effect of small additions of beryl- 
lium on the diffusion of silver in polycrystalline cop- 
per are entirely based on our use of Fisher’s cal- 
culation [8]. 

In [6, 12] discussions are given on the simplifi- 
cations and approximations used in this calcula- 
tion, and of the possible changes in the results if 


more accurate models of the intercrystalline transi- 
tion zone were used, and if calculations were deve- 
loped which would make it possible to determine se- 
parately the most important parameters of diffusion 
in a polycrystalline material, namely 


8, D’and Dy.) . 


In view of the results obtained it is necessary to 
review critically the data given in the literature on 
temperature-diffusion coefficient relationships, and 
in particular data on the relationship between tem- 
perature and coefficient of intercrystalline diffusion 
in alloys. Apparently there are in many cases sys- 
tematic errors in these data, associated with ignor- 
ing the effect of the redistribution of minor horophi- 
lic additions between the grains and the grain boun- 
daries at different temperatures. 


CONCLUSIONS 


1. It has been shown by radiometric measurements 
that minor additions (of the order of 0.1 per cent of 
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beryllium lead to accelerated intercrystalline dif- 4. Qualitative conclusions are reached regarding 
fusion in polycrystalline copper. the nature of the relationship between temperature 


2. It has been shown that the magnitude of the and the enrichment of the intercrystalline transition 
change in the diffusion coefficients of silver in cop- Zones in copper, with respect to beryllium. 
per alloyed with 0.1 per cent beryllium depends on 5. The possibility is mentioned of making the 
prior treatment which affects the partition of the results obtained more accurate by developing a 
beryllium between grain and intercrystalline transi- more rigorous calculation, based on a more accurate 
tion zones. model of the intercrystalline transition zones. 

3. On the basis of these data, the adsorption acti- 
vity (horophilia) of minor additions of beryllium in 


copper is deduced. Translated by E. Bishop 
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ON THE SINTERING OF TERNARY MIXTURES OF METAL POWDERS * 
B. IA. PINES and A.F. SIRENKO 
Kharkov A.M. Gorki State University 
(Received 27 November 1956) 


It is shown experimentally that in samples of ternary mixtures of metal powders subjected to 
sintering the size of the shrinkage and the tensile strength are quadratic functions of the concent- 
ration. The coefficients of the quadratic function of the ternary mixture are completely determined 
by the values of the coefficients of the corresponding functions of the three binary mixtures (given 
the identical conditions of dispersity and activeness of the original powders and identical condi- 


tions of pressing and sintering). 


I. Papers [1 to 3] have made it clear that in sin- 
tering binary mixtures of metal powders the amount 
of the shrinkage is non-additive. So also the values 
for the tensile strength and the elongation of the 
sintered samples are non-additive, even if one uses 
the values of these quantities extrapolated to zero 
porosity, which in the case of the powders of plas- 
tic metals is practically excluded. For the amount 
of the shrinkage and the value of the mechanical 
strength (extrapolated to zero porosity) the follow- 


ing quadratic functions proved a good approximation: 


An = 7, (1 + (1 + Mae”, (1) 


—e)? + + (9) 


where ¢ is the concentration of the second compo- 
nent, 71, 7, and p,, p, are the amounts of shrinkage 
and the values of the hardness for the pure compo- 
nents, and 7,, and p,, the parameters describing 
the non-additivity in the binary system. 

The observed functions can be interpreted by 
Frenkel’s theory of sintering according to which 
the first stage of sintering is the so-called agglo- 
meration of drops, that is the mutual adhesion of 
the particles of powder and the formation of contact 
sections of neighbouring particles accompanied by 
a closer approach of the centres of the particles. 
The non-additive arises because in a binary system 


* Fiz. metal. metalloved. 6, No. 2, 261-267, 1958. 


the contacts are not all between particles of the 
same kind which does not occur in the case of pure 
components. Papers [1 and 2] have shown that for 
the amount of the shrinkage and the value of the 
hardness one must expect a function of the concent- 
ration of the form (1) and (2), if one regards sinter- 
ing as developing in accordance with Frenkel’s con- 
ceptions. 

The quantity 7,, is then proportional to the relat- 
ive shortening of the distance between the centres 


of the grains of different kind, while p,, is the break- 


ing stress at the juncture of the grains of different 
kind (if one suppose that on breaking the correspond- 
ing critical stress is being overcome in each section 
simultaneously). 

It should be noted that the functions (1) and (2) 
are valid only in “pure” cases, where no additional 
phenomena occur in the binary system which compli- 
cate the sintering process. Thus, these functions 
cease to be valid for the sintering of mixtures which 
contain low melting additions [4] which flow on 
heating and increase the number of closed pores, in 
which case the kinetics of sintering is altered by 
the effect of the gas pressure in the closed pores. 

II. In the absence of complicating factors one may 
expect that the skrinkage as well as the value of 
the mechanical strength of a ternary mixture of pow- 
ders as a function of the concentration will be deter- 
mined by functions analogous to those which apply 
in the case of binary systems. The following func- 
tions should apply: 


Ay = + May? + M92? + 


+ + + 
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=P,x* + poy? + ps2? + 


+ + + 


where x, y, z are the volume concentrations of the 
components, 


Ni Na» Ns and py, Pa, ps are the size of the shrinkage 
and the value of the firmness of the pure compon- 
ents, and the parameters 712, 713 ANd P42, Pisy 
P2s Should be interpreted respectively as quantities 
proportional to the relative approach of the centres 
of particles of different kind and the value of the 
breaking strength of the contacts between them. 

The parameters nj, and pjx here should not differ 
from the parameters corresponding to the binary sys- 
tems of the components i and k. One may expect 
analogous functions also in the case of systems 
consisting of more than three components. What is 
important is that the parameters which determine the 
values of Ay and p in multicomponent systems are 
in essence the same parameters which appear in the 
expressions for the corresponding concentration 
functions (for binary mixtures*). Although the above 
statement may be regarded as logically following 
from the results obtained for binary systems, it will 
nevertheless be useful to subject the functions of 
form (3) and (4) to experimental verification and to 
compare the experimentally found parameters of the 
ternary system with the parameters of the three bina- 
ry systems of the same components. Such a verifica- 
tion is the object of the present study. Experimental 
data has been obtained for the system Cu-Ni-Fe, the 
binary combinations of which have been examined 
before, when additional effects causing deviations 
from the functions of form (1) and (2) were not ob- 
servedt). 


* Of course, equal conditions of “activeness” and dis- 
persity of the powders, of sintering etc. of both the 
binary and multicomponent systems are implied. 

t In the binary system Ni-Cu as also Ni-Fe a process 
of heterodiffusion goes on simultaneously with the 
sintering which leads to the re-forming of the porosi- 
ty because of the differences in the partial diffusion 
coefficients of the components. The growth of the 
porosity (the volume) here depends on the concentra- 
tion as € (1 — p), that is, exactly as in (1). 


III. The powders of the metals Cu, Ni, Fe were 
of the following origin. The Cu powder was electro- 
lytic copper passed through a sieve with a diameter 
of the openings of 50: the Fe and Ni powders were 
reduced from the oxides and also passed through a 
sieve with a diameter of the openings of 50. 

After careful mixing of the dry powders samples 
for the breaking tests were prepared the shapes and 
sizes of which are given in [2]. The moulding pres- 
sure was from 3 to 5 ton/cm? and was so chosen as 
to ensure approximately the same initial porosity of 
the samples ( ~ 28 per cent). The moulded samples 
were baked at a temperature of 1000°C in an H, at- 
mosphere for varying periods of time up to 3.5 hr. 
After baking the final porosity of the samples and 
the shrinkage A 7 = nk — ng were determined and 
then the breaking tests were made from which the 
tensile strength p and the elongation 8 were obtain- 
ed. 

For samples with different composition the quan- 
tities p and 8 were determined as a function of po- 
rosity. Samples with varying porosity but one and 
the same composition were obtained by sintering of 
varying duration (always at one and the same tem- 
perature, 1000°C). Graphs for p and 8 as functions of 
porosity were drawn and the values for p and B 
which correspond to zero porosity were found by ex- 
trapolation. These latter values were then studied 
as functiong of the concentration. 

Samples were prepared from mixtures of the follow- 
ing compositions: 

(a) Cu + Fe, with 0,20, 40, 60, 80 and 100 per 

cent Fe content; 

(b) Cu + Ni, with 0, 20, 40, 60, 80 and 100 per 
cent Ni content; 

(c) Ni + Fe, with 0, 20, 40, 60, 80 and 100 per 
cent Fe content; 

(d) Cu + Ni + Fe, with 0, 20, 40, 60, 80 and 100 
per cent content of the binary mixture 60 per 
cent Cu + 40 per cent Fe; 

(e) Cu + Ni + Fe with 0, 20, 40, 60, 80, 100 per 
cent content of the binary mixture 60 per cent 
Ni + 40 per cent Fe. 

In this way samples were studied which corres- 
pond to three binary systems and two sections of a 
ternary system. 

For samples corresponding to sections of the ter- 
nary system the equations (3) and (4) were cast in- 
to a form which contains a function of one concen- 
tration with the help of equation (5) and the equa- 
tion 


(6) 


which is applicable in the case of the compositions 
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FIG. 1. (a) to (c): Shrinkage isotherms for samples of the binary 
mixtures Cu-Fe, Fe-Ni and Cu-Ni; (d): Shrinkage as a function 
of concentration. 

x Heating to 1000°C and cooling 
A 15 min at 1000°C 
o 3.5 hr at 1000°C 
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FIG. 2. A 7 for two sections of the ternary systems Cu-Ni-Fe as a 
function of the concentration. Baked for 3.5 br at 1000°C. 


(d) and (e). 


We obtain : =)" (p, a? + 2py,a + + 


(9,07 + + + 


(7) = — + Pos) + (8) 
2z (1 — 


+ + N32”, 


ee It is evident that the quantities An and p can be 


presented in the form of a sum of three items propor- 
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FIG. 3. Tensile strength p as a function of porosity and of concentration for samples of: 
(a) Fe-Ni; (6) Cu-Ni; (c) Cu-Fe. 
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FIG. 4. Tensile strength p as a function of porosity and of 
concentration for samples of: 
(a) Ni + (60% Cu + 40% Fe); 
(6) Cu + (60% Ni + 40% Fe). 


tional to (1 — z)?, z (1 — z) and z?. The coefficients 
of these items should be completely determined by 
the values of the parameters corresponding to the 
concentration functions of the binary systems. 

Fig. 1 shows the data for the amount of the shrink- 
age in samples of the binary mixtures Cu-Ni, Fe-Ni 
and Cu-Fe baked for varying periods of time (just 


heating, sintered for 15 min and 3.5 hr.) at a temp- 
erature of 1000°C. All curves are of a nature which 


corresponds with equation (1) with varying para- 
meters. The same figure shows the quantities 


= (l—x)? — x? 


as functions of the concentrations in the binary 
systems (for samples sintered for 3.5 hr). 7 as a 


function of the concentration agrees with the ex- 
pected 


Fig. 2 shows the shrinkage (after 3.5 hr sintering) 
as a function of the concentration for samples of 
ternary mixtures Cu + Ni + Fe which correspond to 
two sections of this ternary system. The values for 
A n indicated by crosses represent experimental 
data. The continuous curves were constructed from 
formula (7), using as coefficients the values obtain- 
ed from the data for the binary systems according 
to the curves of Fig. 1. As can be seen, the devia- 
tion of the experimental points from the calculated 
curves is small, so that in the first approximation 


716 
kg = p, kg/mm? 
60,- 
N 
\ 
\ Ny 
x 
JO 
20 |_| 
40 /0 
0 0 
VOL 
! 195! 
60; | 6 | 
| 50, \ 
| | 


Sintering of ternary mixtures 


Cut20%Ni 
X-60% Cu +40 

O-W%Cu+60%Ni 
4- 20% Cu +80 YoNi 


Cu 


/0 


+/2 +8 fe 


80%Cu+20V Fe 
X CuO Vore 
0-W%Cut60%Fe 


- 20%Cutb0%Fe 


0 l 
20 30 10 


-80%Ni +20 %ofe 
X -60%NM +YO%Fe 
D -4O%N'+60 Yoke 


- 0%NM 80% Fe 
20 


10 


20 JO 1, % 


Cu +8 Yoke 


D-YO%CU +36 +2Y Yoo 
— 60%M+ 4OVofe 


-YO%M +56 Fe 
& ~20%Ni +48 %CU Yoke 
© ~ 60% Cu+4O%Ve fe 


10 2 


30 20 


30 1, % 


FIG. 5. Full elongation § as a function of porosity for samples of: 


(a) Cu + Ni; 
(b) Cu + Fe; 
(c) Ni+ Fe; 


(d) Cu + (60% Ni + 40% Fe); 
(e) Ni + (60% Cu + 40% Fe). 


one can say that the experimental and calculated 
data agree. We emphasize that the samples of the 
ternary mixtures, the data for the shrinkage of which 
are given in Fig. 2, were prepared from the same 
powders as the samples for the binary mixtures, 
were pressed to the same initial porosity and were 
sintered at the same temperature for the same 
length of time. It is clear that only under such condi- 
tions is the connexion between the shrinkages of 
binary and ternary mixtures according to equations 
(3) and (7) to be expected. 

IV. When determining the tensile strength and the 
full elongation as functions of the concentration the 
values of po and fp extrapolated to zero porosity 
were used, as has been remarked above. Fig. 3 
shows the magnitude of p as a function of the poro- 
sity for samples of three systems. The curves are 
shown (in most cases straight lines) from which the 
extrapolation to zero was made. The same figure 
shows the extrapolated values as functions of the 
concentration. In all cases the relation in form (2) 


is applicable. 

Fig. 4 shows pp as a function of the concentration 
for samples of the ternary mixtures of the series (d) 
and (e). Here the crosses indicate the experimental 
data and the continuous curves have been calculat- 
ed from formula (8). The agreement between the ex- 
perimental and calculated values can be consider- 
ed sufficiently satisfactory. 

The data given shows that the functions of the 
concentration in the forms (3) and (4) for the shrink- 
ages and tensile strengths of samples of ternary 
mixtures of metal powders can be considered as ex- 
perimentally verified. As has been pointed out, the 
parameters for the ternary and binary systems should 
conform to identical conditions of “activeness” and 
dispersity of the powders, identical sintering con- 
ditions, etc. 

The magnitude of the elongation 8 depends on the 
porosity of the single-component samples [2] in prac- 
tically linear fashion. For samples of powder mix- 
tures also the linear character of B as a function of 
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FIG. 6. Full elongation 8 as a function of concentration for samples of: 


(a) Cu-Fe, Ni-Fe, Cu-Ni; 


(b) Cu + (60% Ni + 40% Fe); Ni + (60% + 40% Fe). 


the porosity is apparently preserved in most cases, 
with the exception of samples the porosity of which 
is great. When nx > 20 to 20 per cent, 8 becomes 
very small (<1 per cent) and in this region 8 cea- 
ses to depend on 7. All the same it is possible, 
though not with great accuracy, to find the value of 
8 extrapolated to zero porosity (see Fig. 5). 

The extrapolated values of 8 for binary and ter- 
nary mixtures as a function of the concentration is 
shown in Fig. 6. As can be seen, the value of B 
is always less than the additive value, and the dif- 
ference is greater for ternary than for binary mix- 
tures. The calculation of 8 as a function of the con- 
centration is connected with the redistribution of 
the stresses in an inhomogeneous system such as 
is represented by the sample moulded from a mix- 
ture of powders. This calculation is complicated 
and we do not touch on it here. 


RESULTS 


1. It has been shown experimentally that the 
quadratic function of the concentration for the size 
of the shrinkage on sintering and the value of the 
tensile strength on drawing which was earlier es- 
tablished for samples of binary powder mixtures can 
be extended also to the case of ternary mixtures 
(equations (3) and (4) ). 

2. The parameters of the quadratic concentration 
function of a ternary system are completely deter- 
mined by the parameters of the three binary systems 
of the components of the ternary system. 


Translated by B. Ruhemann 
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ON THE EFFECT OF THE DECOMPOSITION OF SUPERSATURATED SOLID SOLUTION 


ON THE HALL EFFECT* 
A.V. CHEREMUSHKINA 


Moscow M.V. Lomonosov State University 
(Received 15 November 1956) 


The results are described of experimental research into the effect of dispersion hardening on the 
Hall coefficient, the specific electric resistance, the magnetic saturation and the coercive force of 


iron-tungsten alloys containing from 3.7 to 17.3 per cent weight tungsten. 
The changes in these properties in the course of the decomposition of the oversaturated solid 


solutions are compared. 


The present paper has as its object the complex 
investigation of a number of physical properties 
during the decomposition of supersaturated solid 
solutions of the iron-tungsten alloys. Some of these 
properties have been studied earlier; others, for ex- 
ample, the Hall effect, have not been studied at all. 
From a comparison of the changes of various phys- 
ical properties a number of peculiarities are made 
apparent which have not previously been observed. 

For the study of the Hall effect of precipitation- 
hardening alloys several compositions of the alloy 
were prepared containing 3.7, 5.5, 9.8, 13.9, 15.7 
and 17.3 per cent weight of tungsten. According to 
the phase diagram of iron-tungsten alloys iron forms 
solid solutions with tungsten at room temperature 
only up to 7 per cent tungsten concentration. Alloys 
of higher tungsten concentration represent hetero- 
geneous systems consisting of the solid solution 
(of the concentration of the limit of solubility of 
tungsten in iron) and the compound Fe, W, tungs- 
tenide of iron). Thus, the first two of the above 
alloys were solid solutions, the remainder were 
heterogeneous?- 

After casting the alloys were forged well, then 
homogenized in a vacuum for 24 hr at a temperature 
of 1000°C. The form of the samples and the method 
of measuring the Hall coefficient were analogous 
to the method of Pugh [1] and Kikoin [2]. The de- 
tails of the method for measuring the Hall coeffi- 
cient have been described earlier [3]. The magneti- 
zation of the samples and the coercive force were 
measured by the ballistic method. 


* Fiz. metal. metalloved. 6, No. 2, 268-271, 1958. 
t The alloys were prepared from TsNIIChM. 


To obtain a homogeneous structure at room tem- 
perature the alloys containing more than 7 per cent 
tungsten were first held for 30 min at temperatures 
between 1000° and 1350°C according to their compo- 
sition, and then quenched in water. In the quenched 
state of the alloy its magnetization, coercive force, 
Hall coefficient and specific electric resistance 
were measured. The measurement of the Hall coef- 
ficient as a function of the magnetization showed 
that this function is linear up to magnetization 
fields corresponding to technical saturation. 

The Hall coefficient R was determined from the 
tangent of the angle of inclination of these straight 
lines divided by the current density [3]. The prima- 
ry current passed through the sample was maintain- 
ed constant at 5A. Fig. 1 shows the Hall coeffici- 
ent R measured in this way as a function of the tun- 
gsten content. It also shows R as a function of the 
tungsten content for alloys in the annealed state. 
They were annealed at a temperature of 660°C for 
24 hr. The annealing temperature was so chosen 
that the maximum change of all the physical proper- 
ties of the alloy occurred. 

According to the measurements made in [4] the 
maximum change in the magnetic and mechanical 
properties of FeW alloys occurs in the temperature 
interval between 650 and 700°C. Besides, the rate 
of increase of the coercive force was also greatest 
at the temperature of 650°C [5]. The specific elec- 
tric resistance for the quenched and annealed states 
of the alloy as a function of the tungsten concent- 
ration is given in Fig. 2. 

As can be seen from Figs. 1 and 2, for the alloy 
in the quenched state the Hall coefficient R and the 
specific electric resistance p increase with increas- 
ing tungsten content in the alloy. The electric resist- 
ance changes in a linear fashion, as should be the 
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FIG. 1. e Annealing for 24 br at 660°C 
o Quenching from 1350°C 


case for solid solutions. That the state of the alloy 
was homogeneous (after quenching from 1350°C) is 
also confirmed by the measurement of the coercive 
force. After quenching the alloy from the tempera- 
ture of 1350°C the coercive force was always less 
than one oersted for all the samples investigated, 
which shows a sufficiently well homogenized struc- 
ture. 

As a result of the decomposition of the supersa- 
turated solid solution the Hall coefficient R and the 
specific electric resistance p decrease to the va- 
lues corresponding to the solid solution of the con- 
centration of the limit of solubility of tungsten in 
iron. Neither quantity changes from 5.5 per cent 
tungsten onwards. Apparently this is so because the 
specific electric resistance of the precipitating new 
phase differs little from the specific electric resist- 
ance of the basic solid solution. 

Comparison of the changes in the Hall coefficient 
and the specific electric resistance with changes in 
the composition and state of the alloy indicates that 
the heterogeneity shows itself in a more pronounced 
fashion when investigated by means of the Hall ef- 
fect than by means of the electric resistance. The 
difference between the values of the Hall coeffici- 
ent R for the quenched and the annealed alloy is 
considerably greater than the difference for the cor- 
responding values of the electric resistance. In ac- 
cord with the earlier investigations the two quanti- 
ties proved to be linked by a relation of the form 


[6] 
R =ap + 


where a and b are constants. This relation is graph- 
ically represented in Fig. 3. 


FIG. 2. o Quenching from 1350°C 
e Annealing for 24 hr at 660°C 


For alloys with 15.7 and 17.3 per cent tungsten 
the Hall coefficient R, the specific electric resist- 
ance p, the magnetic saturation /, and the coercive 
force He where measured during the process of de- 
composition of the supersaturated solid solutions. 
For this purpose the alloy was annealed at the tem- 
perature of 660°C for varying lengths of time and 
every time quenched in water. After each such heat 
treatment the properties of the alloy under study 
were measured. Fig. 4 shows the Hall coefficient 
R and the electric resistance p as functions of the 
annealing time. In this figure the curves for R and 
p are combined. As Fig. 4 shows, the two quanti- 
ties change according to one and the same law, that 
is, in this case the changes A R and A p in the 
process of dispersion hardening are proportional 
(Fig. 5). 

We also measured the kinetics of the increase in 
the coercive force during the process of dispersion 
hardening. The coercive force H, as a function of 
the annealing time is shown in Fig. 6. Here are 
also given the curves for the magnetic saturation 
I; as a function of the annealing time for the alloys 
of the same composition. From a comparsion of the 
curves for R, p, /s; and H; as functions of the an- 
nealing time it is clear that the sharpest change in 
these physical quantities is observed in the first 
four hours of annealing. The maximum change in the 
lattice parameter also occurs in this time interval 


(5). 
CONCLUSIONS 


1. A branching of the curves for the Hall coeffi- 
cient of the alloys in the quenched and the anneal- 
ed state was observed at a critical concentration 
which corresponds to the limit of solubility of 
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tungsten in iron. 

2. Measurements of the specific electric resist- 
ance made in the annealed state of the alloy con- 
firmed the results of paper [7] on the existence of 
a critical concentration corresponding to the limit 
of solubility of tungsten in iron above which the 
specific electric resistance remains unchanged. 

3. The curves for the change in the Hall coeffi- 
cient R and the specific electric resistance as a 
function of the tungsten concentration in the alloy 
show that the quantities R and p are linked by a 
functional relation of type 


R=ap + 


4. Investigation of the kinetics of the changes of 


£4210 ver G 
p= 
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FIG. 6. 


R, and He 


in the process of annealing at a temperature of 660°C 
has been made. It revealed that the Hall coefficient 
is linked with the specific electric resistance by a 
relation of the same type as was found for the depend- 
ence on the tungsten content. It was further found 
that the quadratic member in relation (A) can be 
ignored because of the smallness of the changes in 

R and p and the increment A R will be proportional 


to A p (in the small interval of the change in these 
quantities). 


Translated by B. Ruhemann 
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PREPARATICN AND CERTAIN PROPERTIES OF HEXABORIDE OF YTTRIUM* 
G.A. KUDINSTSEVA, M.D. POLIAKOVA, G.V. SAMSONOV and B.M. TSAREV 
Institute of Metal Ceramics and Special Alloys of the Academy of Sciences of the U.S.S.R. 
(Received 20 December 1956) 


Yttrium was discovered by Gadolin in 1794 and 
produced in the free state by Woehler in 1824.[1] 
Both yttrium itself and its compounds have, how- 
ever, been quite insufficiently investigated since 
then [2]. The study of the compounds of yttrium is 
of great interest in view of its position in the per- 
iodic system. It comes before zirconium and starts 
the second transition period in which the 4d-level 
is filled with electrons while there are two elec- 
trons in the 5s-level and none in the 4f-level. The 
power of absorption or scattering of the yttrium 
atom, as estimated by the relation 1/N.n [3], where 
N is the principal quantum number and n the number 
of electrons in the d-level, is 0.25, which is con- 
siderably greater than, e.g. the scattering power of 
the titanium (0.167) or zirconium (0.125) atom and 
leads one to expect that yttrium will form very sta- 
ble chemical compounds with the light metalloids, 
e.g. B, C, N, O etc. 

In fact it is known that YN is formed with a re- 
lease of heat of 71.5 kcal/mol [4], Y,0; with a re- 
lease of 73 kcal/mol [1], while the carbide YC, is 
unstable and if treated with water easily dissocia- 
tes, generating hydrocarbons. 

Information on the production and properties of 
borides of yttrium is very limited. Andrieux [5] des- 
cribes how he obtained hexaboride of yttrium YB, 


by the method of electrolysis of smelted borate 
systems with an addition of fluorides of magnesium 


of lithium. The yield of this method is inconsider- 
able because of the low solubility of Y,0, in B,O,. 
Besides, the precipitation of the boride crystals is 
accompanied by the deposition of elementary boron. 
In Binder’s paper [6] the preparation of two other 


boride phases is reported: YB, with a tetragonal 
structure and lattice parameters a = 7.09 A and 

c = 4.01 A, and a boride YB, isomorphous with the 
analogous phases LaB,, SmBx, PrBx , and 
YbBx. YB also has a tetragonal lattice, with a = 
3.78 A and c = 3.55 A. In the same paper the exist- 
ence of yet another boride is suggested, close to a 


* Fiz. metal. metalloved. 6, No. 2, 272-275 1958. 


compound of the type MeB,, but with a distorted 
structure of the phases of that type because of the 
large atomic radius which considerably exceeds the 
atomic radii of the transitional metals of groups IV, 
V and VI. 

According to the data of paper [7] YB, crystal- 
lizes in a cubic lattice similar to the lattice of the 
hexaborides of the alkaline-earth metals (Fig. 1), 
with a parameter of 4.113 A and a pycnometrical 
specific weight of 3.72 g/cm’; its colour is blue. 
The atomic radius of yttrium is 1.797 A, the dis- 
tance between the boron atoms 0.852 A. The latter 
is the smallest of the B-B distance in the (hexa- 
borides of ?) other rare-earth and alkaline-earth 
metals. 

In the present work the vacuum- thermal method 
described in detail in paper [8] was used to obtain 
hexaboride of yttrium. 

YB, was prepared from the reaction Y,0, + 3B,C = 
2YB, + 3CO. 

To establish the nature of the course of this reac- 
tion it was investigated by means of vapour press- 
ure in the temperature interval 880-1900°C. The in- 
vestigation revealed the existence of only one pres- 
sure discontinuity at 970°C which makes it possible 
to suggest that it is a single-phase reaction and to 
draw the indirect conclusion that oxides lower than 
Y,0, are absent in the case of yttrium. Using the 
values 10.58 and 10.52 for the entropies of YB, and 
Y,0, respectively, calculated from the empirical 
formulae of Kubashevskii [9], one can, from the da- 
ta of the vapour pressure experiment, calculate the 
approximate heat of formation of YB, which proved 
to be AH3,, = 24 kcal/mol. 

The boride obtained with the vacuum-thermal meth- 
od contains 42.i] per cent B (compared with 42.19 
per cent B in YB,), that is, its composition accurat- 
ely conforms to the formula YB,. At temperatures of 
1800 to 1900°C the boride yield is 92 to 93 per cent, 
which indicates a certain amount of dissociation of 
it and volatilization of yttrium and boron. X -ray 
analysis of the YB, powder mafe from a diffraction 
pattern obtained with FeKg-radiation gave a lattice 
parameter equal to 4.128 A. In Table 1 the angles 
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TABLE 1. X-ray diffraction pattern of YB, 


22°07’ 
24°24’ 
31°28’ 


FIG. 1. Crystal lattice of 
hexaborides. 


of reflection and the intensities of the lines of the 
X-ray diffraction pattern are given. 

The X-ray density calculated from the parameter 
4.128 A is 3.633 g/cm’, that determined pycnometric- 
ally 3.64 + 0.04 g/cm’. 

From the YB, powder compact samples were pre- 
pared by sintering, the microhardness of which prov- 
ed to be 3.264 + 21 kg/mm? (under a load of 50 g). 
At temperatures of 2100 to 2150° the boride of yttri- 
um begins to react with the graphite of the mould 
and a second phase makes its appearance which is 
apparently a carbide of yttrium with a microhardness 
of 1.657 + 187 kg/mm’. The melting point of boride 
of yttrium, observed visually, is 2300°C [10]. 

The thermoelectromotive force of YB, as deter- 
mined by Strelnikova (in relation to copper) is 0.38 
mV, the heat coefficient of the thermoelectromotive 


FIG. 2. Richardson plot for borides of yttrium, 
lanthanum and cerium. 


force is negative and equal to 0.0046 mV/°. 

For borides and other compounds of the transition- 
al metals the activation energy (for polycrystalline 
samples) generally decreases with increasing defect- 
iveness (power of absorption) of the inner electron 
levels of the corresponding metals. Such an empiri- 
cal rule is hardly fully applicable to the hexaborides 
of the rare-earth and alkaline-earth metals because 
of the high total electron concentrations of these 
compounds which have a large number of boron atoms 
per metal atoms in their unit cells. Not all the 2p- 
electrons of boron can take part in compensating for 
the defects of the metal atoms; a considerable num- 
ber of these electrons remain in a state which faci- 
litates their easy removal when an external field is 
applied. For hexaboride of yttrium, therefore, despite 
the considerable defectiveness of its atom, one must 
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TABLE 2. Results of determination of emission constants of hexaboride of yttrium 


9, eV A, a/cm*degree? || Lamp No. ¢, eV | A, a/cm*® - degree? 


2.28 16.0 
2.17 11.5 
2.30 16.0 
2.19 13.2 
2.21 15.0 
2,23 15,0 


146 2.19 
144 2.21 
147 2.13 


Average 
2.22+0.05 | 


143 2.27 | 17.1 
| 


TABLE 3. 


Material A, a/c 


degree? Annotation 


LaB, 


29 After Lafferty [11] 
73 Authors’ measurements 


3.6 | After Lafferty [1!] 


15 | Authors’ measurements 


expect a lower activation energy than, for example, 
for the borides of the neighbouring zirconium. 

The activation energy for boride of yttrium was 
measured by the method of the Richardson plot for 
directly heated tantalum cathodes covered with a 
layer of hexaboride of yttrium. It proved to be 2.22 
+ 0.005 eV (A = 15/cm? degree’), that is, in fact less 
than ¢ = 3.70 eV for ZrB,. 

The data quoted for the emission constants of 
hexaboride of yttrium are the averages of ten deter- 
minations the results of which are given in Table 2. 
A comparison of these results with the values for 
the emission constants of the hexaborides of lanth- 
anum and cerium (Table 3, Fig. 2) shows the con- 
siderably greater emission power of YB, compared 
with LaB,, and even more so with CeB,. 

Hence, the application of hexaboride of yttrium 
can lower the working temperature of a cathode by 
150 to 200° below that of a cathode of hexaboride 
of lanthanum. The radiation coefficient of hexa- 
boride of yttrium was measured (by the method of 
comparative pyrometry of the luminance temperature 
and the true temperature). For this purpose a tanta- 
lum cylinder with a narrow slit (of a few microns) 


was covered on the outside with a layer of hexabo- 
ride of yttrium. The temperature of the opening was 
the true temperature, and the temperature of the sur- 
face the luminance temperature. The calculations 
were made with the formula 
1.61% 107% 1 
True 


where €) is the radiation coefficient for a given 
wavelength. From this «\ = 0.7 was found for A = 
0.655 p at 1500°C. 

A slight lowering of the radiation coefficient with 
rising cathode temperature was also observed, which 
is probably explained by a sintering of the covering 
layer and the smoothing of the roughnesses of the 
surface. 

This circumstance can evidently explain the re- 
latively slight scattering of the values for the acti- 
vation energy, and particularly for the constant A, 
as the clearly pronounced transition of the diode 
characteristics in the saturation region which was 
observed in the measurement of the emission in the 
case of hexaboride of yttrium, which one rarely 
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succeeds in observing when one measures the emis- 
sion of other hexaborides. Hexaboride of yttrium 
powder adheres well to clean metal surfaces (with- 
out special sintering), that is, better than other he- 
xaborides. It sticks particularly well to tantalum, 
not so well to molybdenum and tungsten, and moulds 
easily in the cold state. It reacts with the backing 
in the same way as lanthanum hexaboride. 


CONCLUSIONS 


1. Hexaboride of yttrium was prepared by the 
vacuum-thermal method from the reaction Y,0, + 
3B,C = 2YB, + 3CO, containing 42.11 per cent B 
(compared with 42.19 per cent B by calculation); its 
lattice parameter a= 4.128 A (X-ray density 3.633 


g/cm?) and pycnometric density 3.64 g/cm* were 
measured. On samples sintered from powder the mi- 
crohardness of YB, was found to be 3.264 + 21 kg/ 
mm? (under a load of 50 g), the melting point about 
2300°C and the coefficient of the thermoelectromotive 
force in a couple with copper a = 0.0046 mV/°. 

2. The emission constants of YB, were measured: 
the emission energy is 2.22 + 0.05 eV and A = 15 
a/cm? degree? and the radiation coefficient €) = 0.7 
at 1500°C. 

3. The results obtained are discussed in connex- 
ion with the features of the electron structure of 
hexaboride of yttrium. 


Translated by B. Ruhemann 
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EFFECT OF THERMOMECHANICAL TREATMENT IN THE CONDITIONS OF FORGING 
ON THE IMPACT STRENGTH OF STRUCTURAL STEEL ALLOYS * 
E.N. SOKOLKOV, L.V. SMIRNOV and S.N. PETROVA 
Institute of the Physics of Metals of the Urals Branch of the Academy of Sciences of the U.S.S.R. 
(Received 19 November 1956) 


The effect of a combination of hot plastic deform- 
ation of structural steels in austenitic form with 
heat treatment which precludes the recrystalliza- 
tion of the austenite on the impact strength has 
earlier been investigated in conditions of deforma- 
tion by rolling. It was then established that the 
treatment indicated (conventionally termed thermo- 
mechanical) makes it possible to reduce the loss in 
impact strength after tempering at the temperatures 
where temper brittleness develops [1 to 3]. 

It appeared interesting to study the effect of ther- 
momechanical treatment in conditions of deformation 
by free forging. The experiments were made on in- 
dustrial steels of type 37KhNZA and 35KhGSA. The 
samples forged were bars of 20 x 20 x 200 mm dim- 
ensions. They were forged with a pneumatic hammer 
with 20 per cent compression. 

The samples were treated under the following 
four regimes: 

I. Heating to 1150°, cooling to 950°, forging, 
quenching. 
II. Heating to 1150°, forging, quenching. 

III. Heating to 1150°, cooling to 950°, forging, 

placing in a furnace (1150°, 5 min), quenching. 


IV. Heating to 1150°, gh 
The cooling to 950° was applied as a means of 


slowing down possible recrystallization in the forg- 
ing process. For the same purpose the time neces- 
sary for compressing the sample was reduced to the 
minimum possible and was 4 to 5 sec, after which 
the heat treatment was immediately applied. 

After heat treatment standard samples of 10 x 10 
x 60 mm dimensions were prepared from the forgings 
by means of grinding, for the impact tests on bend- 
ing. 

All samples were tempered at a temperature where 
reversible temper brittleness develops (550°, 4 hr). 
On the finally worked samples grooves of 2 mm width, 
2 mm depth, with a rounding at the bottom of the 
groove of 1 mm radius, were cut with an emery 
wheel. 


The results of the impact tests and hardness tests 
on samples of 37KhNZA steel are given in Table 1. 

The table shows that thermomechanical treatment 
in the conditions of forging after tempering in the 
dangerous temperature interval considerably increa- 
ses the impact strength of steel, from 4.7 to 10.7 
kg/cm? under the first regime and to 7 kg/cm? under 
the second. 

These results also give an insight into the speci- 
al role of the process of austenite recrystallization 
under thermomechanical treatment. Thus, raising the 
forging temperature to 1150° (regime II) facilitates 
the development of recrystallization and hence, the 
reduction of the impact strength from 10.7 to 7 kg/ 
cm’. A still greater reduction of the impact strength 
(to 5.3 kg/cm*) because of the further devel opment 
of the recrystallization precess and subsequent col- 
lective (secondary) recrystallization is observed 
after treatment under the third regim, when the forg- 
ing after the compression was placed for five minu- 
tes into a furnace at a temperature of 1150°. Fig. 1 
shows photographs of fractures and microstructures 
of samples of 37KhNZA steel which confirm our con- 
clusions on the role ot recrystallization* In fact, 
after thermomechanical treatment at 950° (regime I) 
a viscous, fibrous fracture is observed without any 
traces of intercrystalline failure, while the micro- 
structure reveals the grains of the original heating de- 
formed by forging (Fig. 1a). In the microstructure of 
the sample which has undergone thermomechanical 
treatment at 1150° the development of recrystalliza- 
tion is evident and the aspect of the fracture in this 
case testifies to the intercrystalline nature of the 
fracture evidently corresponding to the new, recrys- 
tallized grain (Fig. 1b). 

Complete development of the recrystallization pro- 
cess accompanied by grain growth is observed in 
the microstructure (and the intercrystalline nature 
of the fracture) of the samples treated under the 


* Fiz. metal. metalloved., 6, No. 2, 276-280, 1958. 


* The polished surfaces were etched in a saturated solu- 
tion of picric acid in xylol to which 10 per cent alcohol 
was added before etching. 


Impact strength of structural steel alloys 


TABLE l. 


Treatment regime 


. Heating to 1150°, cooling to 950°, forging, quenching, 
temper 550°, 4 br 

. Heating to 1150, forging, temper 550°, 4 hr 

. Heating to 1150, cooling to 950°, forging, placing in 
furnace (1150, 5 min), quenching, temper 550°, 4 br . 

. Heating to 1150, quenching, temper 550, 4hr .... 


third regime (Fig. 1c). The aspect of the fracture 
and the microstructure is in this case identical with 
those in the case of the control regime IV (usual 
quenching from 1150°). 

Thus, the effect of thermomechanical treatment in 
the conditions of forging and rolling is the same. 
Both in the one and in the other case a necessary 
condition for the success of the treatment is the sup- 
pression of the development of the recrystalliza- 
tion of the deformed austenite. 

Earlier the suggestion was made that the effect 
of thermomechanical treatment in the conditions of 
rolling is linked with the localization of the deform- 
ations on the boundaries of the austenite grain. [1, 
2). This localization of the deformations apparently 
leads to a state of the crystal lattice of the transi- 
tion zones between the grains which is fixed by the 
heat treatment, which changes the conditions and 
form of precipitation of the phases causing brittle- 
ness [1]. 

With thermomechanical treatment in the conditions 
of forging also localization of the defc rmations along 
the boundaries of the austenite grain is observ- 
ed which is confirmed by special experiments made 
with the method described previously [2]. The ex- 
periments consisted in electrically heating wedge 
shaped samples. The heating of a wedge shaped 
sample by passing a current through it leads in a 
certain part of it to the formation of austenite (mar- 
tensite after quenching); from the light-etched struc- 
ture of the martensite one can in this case observe 
the initial stages of the austenization of the sample 
and the specific features of the course it takes. We 
know that both in quenched and in tempered steel 
on reheating austenite is first formed along the 
grain boundaries of the original heating, but after 
thermomechanical treatment in the conditions of rol- 
ling with great compression also along the slip 
marks, despite the fact that these slip marks were 
formed in the austenite phase (the transformation of 
austenite into martensite evidently does not com- 


pletely eliminate the lattice defects in the places 
where slip has occurred) [2]. 

Under slight compression (10 to 15 per cent) slip 
marks are not observed by the means indicated or 
are observed in small numbers in the initial stages 
of their appearance (at 20 to 25 per cent compres- 
sion), which fact testifies to the localization of the 
deformations under these conditions preferably along 
the grain boundaries of the original heating [2]. To 
these conditions of deformation corresponds the 
maximum effect of thermomechanical treatment*. 

This picture of the formation of austenite in the 
experiments with wedge shaped samples was also 
confirmed for the case of thermomechanical treat- 
ment when the deformation is produced by forging. 

Fig. 2 shows photographs of austenite networks 
formed during the electric heating of wedge shaped 
samples treated under three of the regimes listed in 
the table. 

After thermomechanical treatment at 950° (regime 
I) austenite (after the quenching of the wedge shaped 
sample, martensite) outlines the grains of the origin- 
al heating which have been slightly elongated by 
forging and reproduces only the beginning of the 
process of the formation of slip inside the grain 
(Fig. 2a). This shows that in the conditions of for- 
ging as of rolling the effect of the thermomechanical 
treatment is linked with the localization of deforma- 
tions mainly along the boundaries of the austenite 
grain of the original heating. In Fig. 2b and c are 
shown photographs of the austenite (after quenching, 
martensite) networks for samples treated under the 
second and third regimes. In the case of the forging 
at 1150° (regime II) the network outlines new, small 
grains which arose during recrystallization in the 
process of forging (Fig. 2b); in the same case one 


* The optimum temperature of deformation under thermo- 
mechanical treatment is different for different steels. 
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Impact strength of structural steel alloys 


FIG. 1. Microstructure (X100) and appearance of 
fractures (X5) after treatment under the following 
regimes: 
a: Heating to 1150°, cooling to 950 quenching, forg- 
ing, (regime 1); 
heating to 1150°, forging, quenching, (regime II); 
heating to 1150°, cooling to 950°, forging, placing 
in furnace of 115 (5 min), quenching (regime III). 
Temper for all three regimes 550°, 4 hr. 


a 
c 


Impact strength of structural steel alloys 


FIG. 2. Microstructure of wedge shaped samples of 37KhNZA steel in 
the transition zone after treatment under three regimes (see Fig. 1); 
X 80. a: regime I; b: regime II; c: regime III. 


can sometimes observe the beginning of the deve- 
lopment of the recrystallization process. 

Fig. 3 shows that recrystallization begins exclu- 
sively at the grain boundaries which is an important 
confirmation of the conceptions here developed on 
the localization of the deformations in the condi- 
tions described along the boundaries of the austen- 
ite grain of the original heating*. 

Fig. 2 c shows a photograph of an austenite net- 


* Under deformation conditions causing the formation of 
slip in the interior of the grain (greater degrees of com- 
pression, lowering of the temperature), recrystalliza- 
tion begins also in the places where has occurred. 


work reproducing an equi-axed structure obtained 
as a result of the development of recrystallization 
under the treatment of the sample according to the 
third regime. A sample which has gone through the 
control heat treatment (regime IV) exhibits the iden- 
tical picture. The comparison of the microstructures 
(shown in Figs. 1 and 2) reveal their complete cor- 
respondence. Analogous results were obtained for 
samples of 35KhGSA steel. 

Thus, thermomechanical treatment under the con- 
ditions of forging as well as of rolling causes a re- 
duction in the sensitivity of steel to reversible 
temper brittleness. In both cases this effect is link- 
ed with the localization of the deformation along the 
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FIG. 3. Microstructure of wedge shaped sample of 37KhNZA steel in 
the transition zone, showing the development of the 
recrystallization process during forging at 1150°; X 100. 


boundaries of the austenite grains of the original evidently also be observed with other forms of hot 
heating, with the distortion of the crystal lattice of working such as punching and stamping, the sup- 
the transitional zones between the grains preserved _— pression of the development of the recrystallization 
after quenching, and the resulting changes in the of the deformed austenite being a necessary condi- 


conditions of precipitation and apparently also the tion. 

form of the phases and compounds responsible for 

the development of temper brittleness. The above 

described effect of thermomechanical treatment can Translated by B. Ruhemann 
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ON THE SPHEROIDIZING OF GRAPHITE IN CAST IRON TREATED WITH MAGNESIUM* 
A. Ila. KHRAPOV 
Institute of Metallurgy of the Urals Branch of the Academy of Sciences of the U.S.S.R. 
(Received 22 January 1957) 


There is information available in the literature to 
the effect that the form of graphite in magnesium 
treated cast iron is closely linked with the magni- 
tude of the surface tension. Marincek and Grutter 
[1-2] have shown that the greater the surface ten- 
sion, the more compact the form assumed by the 
graphite. Some authors [3-9] maintain that a deci- 
sive part in the spheroidizing of graphite is played 
by the supercooling of the cast iron. 

The raised surface tension of the cast iron is in 
our view a necessary but not a sufficient condition 
for the radical change in the form of the precipita- 
ting graphite, while the supercooling of the cast 
iron is slight and, apparently, depends on the sur- 


face tension. 
In this connexion we investigated the effect of 


additions of metallic magnesium on the surface ten- 
sion of cast iron and the form of the precipitating 
graphite. 

The melting of the cast iron was done in a cryp- 
tol furnace in magnesite crucibles of 800 g capaci- 
ty. The magnesium was introduced directly into the 
crucible in small iron cartridges with openings. The 
surface tension of the liquid cast iron was measur- 
ed in the crucible with the method of the maximum 
pressure of an inert gas in the bubbles. The gas 
for this purpose was purified argon. Cast iron of a 
composition of 3.5 per cent C, 2.1 per cent Si, 1.0 
per cent Mn, 0.05 per cent S and 0.73 per cent P 
was examined. 

First the surface tension was studied for the ori- 
ginal cast iron as a function of the temperature 
(Fig. 1). This served as the basis for appraising the 
nature of the changes in the surface tension of cast 
iron as a result of the additions of magnesium in the 
later experiments. 

The surface tension of cast iron treated with mag- 
nesium was measured with subsequent heating (Fig. 
2), with subsequent cooling (Fig. 3), and that of 
cast iron treated with magnesium and ferrosilicon 
kept at a constant temperature (Fig. 4). In Figs. 2, 


* Fiz. metal. metalloved. 6, No. 2, 281-288, 1958. 


3 and 4 the curves ] show the change in temperature 
during the experiment, the straight lines 2 show the 
change in the surface tension of the original cast 
iron, and the curves 3 of cast iron treated with mag- 
nesium. 

During the course of the experiments samples of 
the cast iron were taken for metallographic analysis, 
which were cooled in water and in air. When the mag- 
nesium was introduced the temperature of the cast 
iron was usually 1350° to 1370°C. 

Besides, the contact angles of cast iron on a gra- 
phite backing were measured. The experiments were 
made in an atmosphere of purified argon with samples 
taken after the measurement of the surface tension. 
The suggestion was accepted that the contact angle 
can serve as a criterion for the inter-phase tension 


at the crystal-liquid boundary, og]. 


RESULTS OF THE INVESTIGATIONS AND 
THEIR DISCUSSION 


The surface tension of the original cast iron is 
a linear function of the temperature in a large tem- 
perature interval and is in agreement with the results 
of other investigators [10]. After the addition of me- 
tallic magnesium the surface tension grows rapidly 
and after 4 to 5 min reaches a maximum. After that it 
decreases and after 5 to 7 min reaches a value coin- 
ciding with that for the original cast iron. 

The ascending branch of the curves 3 (Fig. 2, 3 
and 4) indicates that a chemical reaction occurs bet- 
ween magnesium and such surface-active elements 
as sulphur and oxygen which are dissolved in the 
cast iron. This causes a de-activation of the admix- 
tures in the surface layer. The rise in the surface 
tension is explained by the strengthening of the Fe; 
Fe bond which until then was weakened by oxygen 
and sulphur. 

Indeed, as experiments [13] have shown, the sur- 
face tension of Fe-C alloys is sharply lowered when 
0.02 to 0.04 per cent sulphur is contained in the 
cast iron; when the sulphur content is further increa- 
sed a slight lowering of the surface tension occurs. 
The sulphur content of cast iron treated with mag- 
nesium is usually 0.01 to 0.015 per cent. 


Graphite in cast iron treated with magnesium 
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FIG. 1. Surface tension of the original cast iron as a 
function of the temperature. 
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FIG. 3. Effect of an admixture of 0.5% Mg on the surface 
tension of cast iron with falling temperature (the letters 
on curve 3 indicate the time at which samples of the 
cast iron were taken for metallographic analysis). 


The possibility of a reaction occurring in which 
MgS and MgO are formed is confirmed by the known 
facts of the increased magnesium oxide and salphur 
oxide content in the dross and the severe lowering 
of the oxygen and sulphur content in industrial mag- 
nesium treated cast iron (5, 11, 12). 

Marincek [1,2] measured the surface tension of 
magnesium treated cast iron after a second melting 
in an induction furnace. In these experiments it was 
not possible to follow the changes in surface ten- 
sion immediately after the introduction of the mag- 
nesium. It was established that the surface tension 
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FIG. 2. Effect of an admixture of 0.2% Mg on the 
surface tension of cast iron with rising temperature. 
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FIG. 4. Effect of admixtures of 
0.4% Mg and subsequent modification 
with 0.2% ferrosilicon on the surface 

tension of cast iron. 


of magnesium treated cast iron is 40 to 50 per cent 
higher than in the original. Keeping the magnesium 
treated cast iron at a high temperature leads to a 
lowering of the surface tension, which was, how- 
ever, less pronounced than in our experiments. 

A similar picture for the lowering of surface ten- 
sion when magnesium treated cast iron is kept at a 
high temperature was observed by Kunin [10]. The 
authors mentioned to explain this circumstance by 
the vaporization of magnesium. 

The lowering of the surface tension after the rise 
to the maximum is evidently linked not only with the 
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Graphite in cast iron treated with magnesium 


FIG. 5. Structure of cast iron treated with 0.5% Mg; 

a,b: quenched samples; d, f: samples cooled in air; 

a,e: unetched polished surfaces, X 86; c: etched 
polished surface, X 400; d, e: unetched polished 
surfaces, X 80; f: etched polished surface, X 400. 


vaporization but also with the solution of the mag- magnesium in cast iron. Zwicker, for example, has 
nesium in the cast iron and with its adsorption by shown [14] that in Fe-C alloys (cast irons) solubi- 


the graphite. lity can reach 0.5 per cent magnesium and more. On 
There is evidence (14, 15] for the solubility of the basis of an investigation of the microhardness 
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Graphite in cast iron treated with magnesium 


FIG. 6. Structure of cast iron treated with 0.4% Mg with subsequent 
addition of 0.2% ferrosilicon (slowly cooled samples): 
polished surfaces etched, X 400. 


of nitrogenized magnesium treated cast iron Landa 
and Jakhnina [15] came to the conclusion that the 
rise in the hardness of the cast iron was due to the 
dissolved nitrides of magnesium in the silicon fer- 
rite, (which is, however, very uneven.). 

Comparison of the data obtained by measuring the 
contact angles of cast iron with the measured surface 
tension 0], showed that there is a qualitative relation 
between the two magnitudes, that 0), changes paral- 
lel with @, that is with + og}; the greater og}, the 
greater @ and vice versa. For example, oj = 1080 
erg/cm?; @ = 127°; o1g = 1120 erg/cm’; 8 = 130°; 
lg = 850 erg/cm?; ® = 108°, and so on. In order 
to determine the distribution of magnesium in cast 
iron between the main metallic mass and the graph- 
ite a special chemical analysis was made. Samples 
of magnesium treated gray cast iron (3.9 per cent C, 
2.63 per cent Si, 0.2 per cent Mn) was dissolved in 
weak acids. The analysis of several samples of the 
precipitated graphite and the remainder (the main 
mass of cast iron) showed that 25 to 35 per cent of 
the magnesium is in the graphite and 65 to 75 per 
cent in the main metallic mass of cast iron. 

It follows from the above that the observed lower- 
ing of the surface tension of cast iron treated with 
magnesium reflects the total effect of the actions 
of magnesium on cast iron: a certain degree of sol- 
ution of magnesium in the main mass of metal and 
the adsorption of magnesium by the graphite. 

Comparison (Fig. 5a and b) shows that a consi- 
derable growth of the graphite inclusions (globules) 
occurs in the liquid cast iron. Fig. 5c shows the 
graphite globules surrounded by a border of marten- 


site. This once more confirms the proposition that the 
emergence and growth of the graphite globules oc- 
curs in the liquid cast iron; the leading phase is the 
graphite which is overgrown with austenite. The re- 
mainder of the liquid cast iron crystallizes in the 
form of thin ledeburite. 

On slow cooling of the samples the martensite 
border is not observed and the graphite globules are 
surrounded by thin pearlite (Fig. 5f). The size of 
the graphite globules increases (Fig. 5d to f). 

On very slow cooling the graphite globules are 
surrounded by a border of ferrite (Fig. 6a) and the 
size of the globules is considerably greater than in 
the preceding case. 

The succession of the borders around the graphite 
follows a definite order (martensite, pearlite, fer- 
rite). As the experiments show, it depends on the 
cooling speed and does not contradict the known 
laws of phase transformation in the solid state. 

On exceedingly slow cooling the action of the mag- 
nesium disappears altogether and the globular shape 
of the graphite once more changes into the laminated 
form. Fig. 6b shows the structure of cast iron with 
laminated graphite proving this transition. 

Hence, the metallographic analysis of the samples 
of cast iron treated with magnesium taken after an- 
nealing and cooling at varying rates shows convinc- 
ingly that both the laminated and the globular graph- 
ite crystallize directly out of the liquid cast iron. 

Concerning the effect of the surface tension on 
the process of the spheroidizing of graphite the fol- 
lowing is to be said. 

We know from the theory of crystallization that 
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FIG. 7. Scheme for the structure of graphite and the 
adsorption of magnesium. 


under equilibrium conditions the principle of Gibbs, 
Curie and Wolff is applicable to the growth of sin- 
gle crystals, according to which the rate of growth 
of the faces is proportional to the specific surface 
energy of these faces in relation to the mother so- 
lution; every face grows the more rapidly the grea- 
ter its surface energy. 

The magnitude of the surface tension of the indi- 
vidual faces depends on their interrelation with the 
surrounding solution of melt. It also depends on the 
crystallographic nature of the individual face which 
is determined by the density of the distribution of 
the molecules (atoms or ions) of the crystal, that is 
on the reticular density of the face. The more den- 
sely the atoms (molecules or ions) are distributed 
in the face, the less their potential energy in rela- 
tion to the molecules of the surrounding medium: 
hence, the less the attracting action of the face on 
the particles (atoms, molecules or ions) swimming 
in the liquid, and a smaller rate of growth of the 
face. 

The crystallization of real solutions and melts 
always differs from equilibrium conditions. Kuznet- 
sov [17] specifically emphasizes that one must 
strictly differentiate between the conceptions of 
“growth form” and “equilibrium form” which in the 
general case do not coincide. Later he remarks 
that in the case of the crystallization of spherulets 
(which are polycrystals) the principles of the high- 
est rate of growth is applicable. The polycrystal- 
line spherulets grow like “rays” from one centre, 
and each individual “ray” represents a growth cone 
or pyramid. The rate of growth of the planes of 


single crystals which are perpendicular to the ra- 
dius vector is highest. Hence, the surface of the 
spherolite or globule which is delimited by these 
planes has the greatest surface energy for the giv- 
en crystalline substance. In order to explain the 
nature of the growth of the spherulets correctly one 
must know its structure. The known regularities of 
the growth of crystals can in this case be extended 
not to the polycrystal as a whole but to the indivi- 
dual single crystals, growth pyramids or fibres. 

It has been shown [18, 19] that the graphite glo- 
bules represent polycrystals of a ray-like structure 
and that the base = fan of the growth pyramids in 
formation are perpendicular to the radius vector. 
Comparison of the structure of the graphite globules 
with the structure of the spherulets met with in the 
crystallization of salol, certain salts, glasses and 
other substances [20 to 22] shows that all spheru- 
lets have the same structural features and crystal- 
lize out of liquids according to the principle of the 
highest rate of growth which is common to all spher- 
ulets. 

The crystallization of gray cast iron begins with 
the formation of individual centres of graphite-aus- 
tenite colonies [23]. First the graphite inclusions 
are formed, then at an early stage of their growth 
they assume the form of rosettes with laminations 
which grow from one centre and are directed approx- 
imately radially. 

As Ivanov [24] has shown, the graphite inclusions 
in cast iron are not completely destroyed to atoms. 
Referring to researches by Konobeievski he consi- 
ders that in liquid cast iron there are besides indivi- 
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dual carbon atoms also a considerable number in the 
form of separate bundles consisting of base planes 


with a certain degree of disorientation to each other. 


Starting from these propositions one may think 
that the elementary bundle complexes of actual gra- 
phite serve as the nuclei of the graphite inclusions 
in the process of the crystallization of cast iron. 
The growth of the laminated graphite begins on the 
“landing platforms” of these complexes which may 
be inclined to each other under different angles. In 
the absence of admixtures which can be adsorbed 


on the projections of the growing rosettes, the further 


growth of the graphite is conditioned by the appear- 
ance of a much branched graphite-austenite aggre- 
gate. Such a course of the growth of laminated gra- 
phite follows from the nature of graphite itself and 
its structure [25, 26]. 

The data obtained by the authors mentioned must 
be considered as confirming the theoretical concep- 
tions on the directional nature of the growth of la- 
minated graphite which are linked with the peculia- 
rities of its structure |26 to 29, 31]. 

The nature of the growth of laminated graphite is 
radically different from the growth of the graphite 
globules. This difference consists in the different 
relation of the rates of growth in the longitudinal 
direction and along the C-axis; in laminated graph- 
ite the highest rate of growth is in the longitudinal 
direction; in globular graphite along the C-axis. 
Changes in the direction of predominating growth 
can occur in the case of a change in the surface en- 
ergy (inter-phase tension) at the boundary between 
projecting plane and liquid, and base plane and li- 
quid. The latter depends first of all on the presen- 
ce of various admixtures which can be adsorbed dif- 
ferently on one of the other plane of the graphite. 

In accordance with the latter conceptions [17, 20, 
22] the dissolved admixtures settle and are adsorb- 
ed on certain planes of the growing crystals. The 
adsorption of the admixtures holds up the growth of 
these planes, which in the final analysis leads to a 
change in the relation between the rates of growth 
and, hence, to a change in the appearance of the 
crystals. 

Adsorption is possible when the surface energy 
is lowered, for in the contrary case there would be 
no adhesion of the admixtures to the crystal sur- 
face. 

In the crystallization of magnesium treated cast 
iron a similar picture occurs. The screening action 
of the adsorption of magnesium by graphite can be 
observed in the scheme represented in Fig. 7. 

As has been observed before, the growth of lamin- 
ated graphite occurs at the highest rate in the longi- 


tudinal direction. This is easily explained from the 
distribution of the bonds between the carbon atoms. 
We know that when the temperature is raised the 
electrons of the 2s-state easily transfer to the 2p 
energy level. Carbon then has four valencies. But 
in the base plane every atom has three neighbours, 
consequently the fourth bond should act on the ad- 
ditional bond. 

The fourth electron cannot serve the interaction 
between the layers since it has been established 
that a residual or van-de-Waals bond acts between 
the layers [26, 29, 31]. 

The configuration with double bonds is energetic- 
ally advantageous and proves more stable [29, 31]. 
Therefore in ordinary gray cast iron the graphite 
crystallizes in the form of flakes with a predominat- 
ing longitudinal direction. In this case there is no 
slowing down of the growth (Fig. 7a). 

In magnesium treated cast iron the picture chan- 
ges. The magnesium atoms can reach the projecting 
planes of the graphite (Fig. 7b and c) and occupy 
the positions between the 4 carbon atoms in the 
minima of potential where their position can be sta- 
ble. This will be sufficient for the screening action 
of the adsorbed magnesium since the carbon atom 
cannot enter between the magnesium atoms and oc- 
cupy the necessary space. 

In the base layer the magnesium atoms cannot be 
adsorbed since this would not be energetically adv- 
antageous; the minima of potential in the centres of 
the hexagon are too small and narrow. 

When the temperature is lowered there is also the 
possibility of the formation of magnesium films on 
the projecting planes, since the lattice parameters 
of magnesium are close to the geometrical distribu- 
tion of the minima of potential in the base layer.[31] 

Hence the adsorption of magnesium on the project- 
ions of the graphite inclusions (on the planes which 
are to the base layers) leads to a slow- 
ing down of the longitudinal growth; the predomin- 
ant direction of growth of the graphite inclusions 
becomes the C-axis. Under these conditions indivi- 
dual, mutually touching growth pyramids of the gra- 
phite globuli begin to grow from one centre in the 
liquid cast iron. 

From all has been said above one may conclude 
that a high value of the surface tension of magnes- 
ium treated cast iron “cleaned” of surface-active 
admixtures (oxygen and sulphur) is a necessary 
condition for the spheroidizing of graphite. This 
condition cannot, however, be considered as the on- 
ly one since the form of the graphite inclusions can 
be changed only when the relations between the 
rates of growth in the different directions change, 


98 


| 


17. 


18. 


which depends on the adsorption of magnesium on 
the projecting planes of the single crystals of 


. B. Marincek, Giesserei, H 10, 313 (1954). 
. K. Grutter and B. Marincek, Arch. Eisenhuttenw., 


H 9/10, 447 (1954). 

I.N. Bogachev, Metallographiia Chuguna 
(Metallography of Cast Iron) Mashgiz (1952). 

lu. L. Kirillov, Conditions of the formation of glo- 
bular graphite in cast iron; Candidates dissertation, 
Sverdlovsk (1953). 

S.G. Guterman e.a., Liteinoie proisvodstvo No. 5, 
19 (1952). 

A. Witmoser, Foundry Trade Journal, 94, No. 1915, 
547 (1953). 

A. Witmoser, Foundry Trade Journal, 96, No. 1956 
(1953). 

J. Hughes, Foundry Trade Journal, No. 1882, 84 
(1952). 

H. Morrow and J. Williams, J. Jron and Steel Inst. 
176, No. 4, 357 (1954). 


. L.L. Kunin, Poverkhnostnye iavleniia v metallakh 


(Surface effects in metals) Metallurgizdat, Moscow 
(1955). 


. V.I. Lakomski and V.I. lavoiskii, Liteinoie proizvo- 


dstvo, No. 12 (1955). 


. B.S. Mil’man, Vestnik Mashinostroieniia, No. 12 


(1949). 


. P. Kozakevitch e.a., Revue de la Metallurgie, 


No. 2, 139 (1955). 


. U. Zwicker, Z. Metallk., 45/H. 1., 31 (1954). 
. A.V. Landa and V.D. lakhnina, Vysokoprochniie 


chuguny (Strong Cast Iron) 

Mashgiz, Kiev (1954). 

Iu. V. Vulf, Jsbrannyie raboty po kristallofizike i 
kristallografii (Selected papers on crystal physics 
and crystallography) Gostekhizdat, Moscow (1952). 
V.D. Kuznetsov, Kristalli i kristallizatsiia 
(Crystals and crystallography), Gostekhizdat, 
Moscow, (1952). 

K.P. Bunin and Iu.N. Taran, Chugun s sharovidnym 
grafitom (Cast iron with globular graphite ), 

Izd. Akad. Nauk U.S.S.R. Kiev (1955). 


Graphite in cast iron treated with magnesium 


REFERENCES 


19. 


20. 


21. 


22. 


23. 


24. 


26. 


28. 


29. 


30. 


31. 


graphite. 


M.N. Parthasattri and B.R. Nithawan, Foundry 
Trade Journal 95, No. 1948, 31 (1953). 

A.V. Shubnikov, Obrazovaniie kristallov 

(The formation of crystals), 

Izd. Akad. Nauk SSSR (1947). 

A.V. Shubnikov, Kak rastut kristally 

(How crystals grow), 

Izd. Akad. Nauk SSSR (1935). 

G. Bakli, Rost kristallov (The growth of crystals ), 
Foreign Literature Publishing House, Moscow 
(1954). 

K.P. Bunin and L.A. Dolinskaia, 

Liteinoie proizvodstvo, 

No. 3, 21 (1953). 

D.P. Ivanov Sbornik. VNITOL *Kovkii Chugun” 
Symposium “The forging of cast iron), 

Mashgiz, p. 78 to 125 (1954). 

A.V. Radushkevich and V.I. Luk’ianovich, 

Zh. Fiz. Chem. 24, No. 1, 88 (1952). 

V.M. Volkenshtein, Stroieniie is fizicheskiie 
svoistva molekul (The structure and physical 
properties of molecules) 

Izd, Akad. Nauk SSSR (1955). 

V.S. Veselovskii, Zh. Fiz. Chem. No. 8, 977, 982 
(1954). 

G.B. Bokii, Vvedeniie v kristallokhimiiu 
(Introduction to the chemistry of crystals) 

Izd. Moscow State Univ. (1954). 

L. Pauling, The nature of the chemical bond, 
Gozkhimizdat, Moscow-Leningrad (1948). 


T. Rodin, Sd. I] “Rost kristallov” 

Symposium II, “The growth of crystals” 
Moscow, Foreign Literature Publishing House 
(1950). 


R. Evans, 

Vvedebiie v kristallokhimiiu 

(Introduction to the chemistry of crystals) 
Gozkhimizdat, Moscow-Leningrad 

(1948). 


Translated by B. Ruhemann 


| 
| 
‘. |_| 
5. | 
6. = 
8. 
9. VOL. 
25. 6 
10 195} 
13 
14 
15 
i 
|_| 
|| 


THE NATURE OF THE ETCHING FIGURES OF THE ALLOY Al-Cu (4% Cu) * 
N.N. BUINOV and R.R. ZAKHAROVA 
Institute of Metal Physics of the Urals Branch of the Academy of Sciences of the U.S.S.R. 
(Received 9 July 1957) 


1. In paper |1] it was established with the help 
of an electron microscope that the etching figures 
on the surface of an alloy of aluminium with 4 per 
cent Cu have different shape and size depending on 
the time of ageing at 190°C.As the hardness of the al- 
loy increases the etching figures lose their regular 
form and become smaller. It will be interesting to 
verify this correlation also for other temperatures of 
ageing of this alloy. 

In connexion with paper [2] in which it was shown 
that in the alloy Al-Zn-Cu the etching figures are 
linked with the emergcuce on the surface of giant 
spiral or helicoidal dislocations, it will also be in- 
teresting to study the nature of the etching figures 
in greater detailt.Such a study can provide new in- 
formation on the changes in the matrix of solid so- 
lution during ageing. 

For the study of these questions the temperature 
of 150°C at which the Al-Cu alloy is greatly harden- 
ed was chosen as the ageing temperature. 

2. The alloy Al-Cu (4 per cent Cu) was made from 
aluminium of 99.99 per cent purity and electrolytic 
copper. It was then rolled and homogenized at 530° 
C, quenched and aged at 150°C. After various len- 
gths of ageing time the hardness of the alloy was 
measured and electron photographs of its etched 
surface were taken. The samples were etched with 
aqua regia and by Gayler’s method [3]. The electron 
microscope investigation was made with the aid of 
oxide replicas. 

3. When etching the alloy, at first there appear on 
its surface individual etching figures. With increa- 
sing action of the etching fluid the number of etch- 
ing figures increases. Certain figures have a moze 
sharply outlined form, others less. The dimensions 
of the etching figures for the quenched alloy and the 
alloy when it has gone through the initial stages of 


* Fiz. metal. metalloved. 6, No. 2, 289-292, 1958. 

t After this paper went into print there appeared a study 
by Bontinck [9] which revealed helicoidal and pris- 
matic dislocations in CaF. In this connexion there 
appears a new possibility of explaining spiral etching 
figures by the existence of helicoidal dislocations in 
the alloy. 


ageing (but its hardness has not yet greatly increas- 
ed) vary from 1 to 15 » with a mean, most frequent- 
ly observed size of 3 to 5 p. 

After etching the surface of the alloy with aqua 
regia the etching figures had the shape of octahe- 
dra, rhombododecahedra and etching figures with 
both octahedral and dodecahedral faces (these fig- 
ures are analogous to those shown in paper [1] in 
Figs. 1, 2 and 3). When Gayler’s reagent was used 
the etching figures had the form of rhombohedra 
with the top cut off along the (111) face (Fig. 1). 

Together with the etching figures small bright 
spots were observed in the electron photographs, 
which correspond to the appearance of Guignet- 
Preston zones (G.P.). It should be noted that the 
etching figures are not in all cases outlined by 
G.P. zones, but that the edges of the octahedra are 
usually poor in them. 

On the hardness-ageing time curve a halt was rea- 
ched at 20 hr (Fig. 2). At that ageing time certain 
etching figures become distorted. After the ageing 
time which corresponds to the halt in the hardness 
curve the number of bright spots was reduced and 
they became less contrasted. We did not succeed 
in observing any other peculiarities in the character 
of the decomposition. The second rise in the hard- 
ness is accompanied by a distortion and reduction 
in the size of the etching figures. Etching figures 
of octahedral shape were observed with their apex 
cut in the form of craters (Fig. 3). Octahedral fig- 
ures with craters were also observed at earlier sta- 
ges of decomposition. 

The second maximum of hardness was reached 
after the alloy had been aged for 200 to 300 hr. In 
this case the etching figures did not have a defined 
shape, were very distorted and their size was from 
0.3 to 0.5 w (Figs. 4 and 5). The contours or borders 
of these figures were in many cases sharply outlined 
by G.P. zones and particles of the 0’ phase (in the 
form of bright, thin and short dashes). The distances 
between the centres of the zones and the particles 
of the 0’ phases on these contours are in many cases 
not more than 100 to 200 A. The distances between 
the zones and the particles in the interior of the 
etching figures, however, vary from 100 to 500A 
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FIG. 1. Al-Cu alloy, aged at 150°C for 15 min; FIG. 2. Curve of the change in the hardness of the alloy 
X 16800. as a function of ageing time at a temperature of 150°C. 


FIG. 3. Al-Cu alloy, aged at 150°C for 40 hr; X 16800. FIG. 4. Al-Cu alloy, aged at 150°C for 200 hr; X 21000. 


FIG. 5. Al-Cu alloy, aged at 150°C for 300 hr; X 21000. 
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and more. 

Beginning with 300 hr ageing time the hardness 
of the alloy decreases. 

4. Hence at low temperature ageing at 150°C, as 
at 190° [1] a change in the size and shape of the 
etching figures occurs. Although we did not succe- 
ed in observing the spiral nature of the etching fig- 
ures, nevertheless on the basis of the data obtain- 
ed one can conclude that at all events regular etch- 
ing figures are linked with screw or helicoidal dis- 
locations. This is confirmed by the existence of 
craters at the top of the octahedra (Fig. 3). On the 
growth spirals [4, 5] such cavities are observed on 
etching in the places where the screw dislocations 
emerge. 

The proposition that etching figures are linked 
with large dislocations is in partial agreement with 
the theoretical conceptions of Frank [6]. He showed 
that when the Burgers vector of a screw dislocation 
exceeds a certain critical value (10 A) the line of 
dislocation is the axis of a hollow tube in the inter- 
ior of the crystal. Its end has the form of a crater. 
With a well chosen reagent, such as in the case of 
the Al-Cu alloy aqua regia and Gayler’s reagent, 
the Frank craters are etched out and observed in the 
electron photographs. Frank believes, however, that 
large screw dislocations cannot exist in metals. The 
craters probably originate at the nodes of a big dis- 
location network. The tops of the octahedra are such 
nodes. 

According to current conceptions [5] the bounda- 
ries of the sub-grains are dislocation walls or net- 
works. In ageing alloys they can show up on account 
of preferential decomposition along them. An edge 
dislocation is connected with every precipitation on 
the sub-boundaries. 

As has already been remarked, after the alloy has 
been quenched and after it has gone through the ini- 
tial stages of ageing, decomposition preferentially 
along the borders of the etching figures is not al- 
ways observed (it is possible that certain borders 
do not arise as a result of edge, but of screw dis- 
locations), while the density of the G.P. zones on 
these borders varies within wide limits. This shows 
that the mutual disorientation of the blocks changes 
radically through the alloy. The maximum disorient- 
ation corresponds to a distance between the centres 
of the zones of 100 to 200 A. The disorientation of 
neighbouring blocks can be calculated from the for- 
mula of the theory of dislocations 


sin 8/2, 
h 


where bisthe Burgers vector, h the distance between 
edge dislocations in the wall, and Othe angle of disorien- 
tation. Taking b ~ 2A and A = 200A, we get 0+ 36’. 
This magnitude is not characteristic for the disori- 
entation of the blocks in the initial stages of harden- 
ing, but is evidently typical for the stage of very 
great hardening of the alloy. In the latter case the 
majority of the blocks have this degree of mutual 
disorientation. 

Knowing 9 one can estimate the density of the 
edge dislocations by the formulae of the theory of 
dislocations. 


(2) 


(3) 


where p is the average density of the dislocations 
per cm’, D the density of the dislocations in one 
direction, ¢ the size of the blocks. Formulae (2) and 
(3) are applicable to subgrains of cubic shape with 
dislocations parallel to the axes of the cube. We 
shall use it, since a more exact model of the sub- 
grains, and, hence,a more exact formula for the cal- 
culation, cannot change the order of magnitude of 
the density of the dislocations. 

Taking 0 ~36’, ¢ = 5 p for low and ¢ = 0.5 » for 
high degrees of strengthening of the alloy we get: 
in the first case the density of the dislocations in 
separate parts of the alloy can reach a maximum of 
10°/cm?, and in the second case an average of 10*°/ 
cm?. If one assumes that every G.P. zone or precipi- 
tation inside the subgrain is linked with the emer- 
gence of an edge dislocation we obtain correspond- 
ingly similar values for the density in the cases 
studied above. Thus, for the quenched and slightly 
hardened state the maximum possible density of the 
dislocations is 10°/cm?, and for the greatly harden- 
ed state it is on the average not less than 10*°/ 
cm?. One may conclude that in the hardened alloy 
the density of the dislocations is higher by more 
than an order of magnitude than in the quenched 
state. 

The distance between the dislocations along the 
sub-boundaries of 100 to 200 A and the density of 
the dislocations of 10*°/cm? correspond to the va- 
lues obtained in paper [8] for forged and polygoniz- 
ed aluminium foil. 

As has been shown, besides edge dislocations 
the alloy also contains screw dislocations. For the 
initial stages of the decomposition the density of 
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these dislocations is easy to calculate starting 
from the average size of the etching figures of ~ 5 yp 
and also taking into atcount that at least three such 
dislocations are linked with every etching figure. 
The calculation yields ] x 2 x 10’/cm?. In the case 
of etching figures obtained on the surface of a great- 
ly hardened alloy there is no convincing proof that 
they are to the same degree linked with screw dislo- 
cations. Nevertheless, if one continues with the cal- 
culation of the density of the dislocations for great- 
ly hardened alloys as well, one obtains 1.2 x 10°/ 


CONCLUSIONS 


1. It has been established that in the case of age- 
ing an Al-Cu (4 per cent Cu) alloy at 150°C there 
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THE EFFECT OF COLD WORKING AND AGEING ON THE RESISTANCE TO 
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The effect of cold working on the resistance to 
fracture (Ss;) has been investigated previously [1 - 
3]. In these investigations, the value of S;, was ei- 
ther determined indirectly [1] or directly, A in ei- 
ther case this was done exclusively on notched [2! 
or on unnotched [3] specimens. The region of slight 
cold work has not been studied in detail, while the 
effect of ageing on the resistance to fracture has, 
to our knowledge, been investigated only once |4! 
without providing any definite conclusions on that 
problem. No comparative study of the effects of 
cold work and ageing on the resistance to fracture 
of specimens with different shapes has ever been 
carried out. And yet, a sufficiently detailed study 
of these effects, made during one investigation and 
on one material, but for different shapes of speci- 
mens and degrees of cold work, should provide re- 
sults of fundamental significance. 

Accordingly, the aim of the present work was pur- 
sued along several lines of approach. Both unnot- 
ched and notched specimens were used; in addition 
to determining the resistance to fracture, the resi- 
dual plasticity (percentage reduction of area at — 
196°C) was assessed for unnotched specimens, and 
the relationship between its value and prior cold 
work was determined. 


TEST MATERIAL AND METHOD OF 
INVESTIGATION 


Two plates provided the material for the investi- 
gation: one was from sheet steel 3,24 mm thick, 
and the other from low-alloy sheet steel SKhL-4 
30 mm thick, both hot rolled. The specimens were 
cut at right angles to the direction of rolling, in all 
cases at the same distance from the sheet surface. 


The shape of the specimens is shown in Fig. 1. 
For the material in cold-worked, or cold-worked and 


subsequently aged conditions, the diameter of the 
specimen was chosen in such a manner that, after 
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cold work, it should be equal to the diameter of un- 
notched or notched specimens in the initial condi- 
tion. 

The fracture tests were performed in self-centring 
holders described by Vitman and Davidenkov [5], 
which ensured reliable centring of the specimens 
(eccentricity not exceeding 0.01-0.02 mm), and a 
special, large reversor (Fig. 2) in a Gagarin press. 

The effect of cold work on the resistance to frac- 
ture and the reduction of area at — 196°C (W_} 969) 
was determined in the following manner. The speci- 
men was centred, mounted in the reversor and de- 
formed at + 20°C to the required extent. Subsequent- 
ly, without removing the reversor with the specimen 
from the press and after only slightly reducing the 
load, a small cooling chamber was placed on the 
specimen and liquid nitrogen was poured into it; the 
specimen was thus cooled to — 196°C and was then 
fractured. The temperature was measured with a mil- 
livoltmeter and a copper-Constantan thermocouple 
soldered to the specimen near its working section. 
The actual breaking stress, i.e. the resistance to 
fracture, was obtained by determining the maximum 
load and measuring the section area of the specimen 
at the point of fracture. At the same time the per- 
centage reduction of area was evaluated. 

The procedure in examining the effect of strain 
ageing was similar, except that, after plastic defor- 
mation and loading (without removal from the rever- 
sor), the specimen was heated by means of a small 
tubular electric furnace to 250°C, and kept at that 
temperature for 2 hr. It was then cooled and tested 
to destruction. 

In investigating the behaviour of notched speci- 
mens, after plastic extension of the required magni- 
tude, the cold-worked specimen was removed from 
the holders to permit a notch to be machined in it; it 
was then replaced in the holders, centred, cooled to 
— 196°C and fractured. The time interval between the 
preliminary deformation and fracture as a rule did 
not exceed 4-6 hr, during which the specimen was 
kept at O°C (in ice). To study the effect of ageing in 
notched specimens, the latter, after cold working 
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FIG. 1. Shape of specimens for extension tests: 
a — unnotched specimen, 6 — notched specimen. 


and machining of the notch, were heated in the elec- 
tric muffle furnace for 2 hr at 250°C. The subsequ- 
ent test operations were the same as in the study of 
the effect of cold work. The magnitude of the nomi- 
nal breaking stress Ss, was determined directly from 
the maximum load, without taking into account the 
stress concentration. 


RESULTS AND THEIR DISCUSSION 


The test results for the unnotched specimens of 
the two grades of steel are presented in Figs. 3, 4, 
5 and 6. The curves in Figs. 3 and 5 show the rela- 
tionship between the resistance to fracture and the 
magnitude of preliminary cold work, as represented 
by the reduction of area (4999). In Figs. 4 and 6 
are shown the curves of the relationship between the 
reduction of area (W_j9¢6°), determined after frac- 
ture at the temperature of liquid nitrogen, and the 
preliminary cold work. Each graph contains two cur- 
ves, one corresponding to cold work alone, and the 
other to cold work followed by ageing. Each point 
on the curves was obtained as a mean of measure- 
ments on 8-10 specimens. Apart from a few excep- 
tions, the differences between the results did not 
exceed + 5 per cent. 

The results of the tests on notched specimens are 
shown as curves of the function Sy, = f (W+20°) 
in Figs. 7 and 8. The graphs contain both the data 
corresponding to cold work alone and to cold work 
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FIG. 2. Specimen in self-centring holders, 
mounted in reversor. 


followed by ageing. Each point on the curves repre- 
sents a mean of results for 10 specimens. The dif- 
ferences between the individual values in this in- 
vestigation generally did not exceed + 7 per cent. 

An inspection of the graphs for the unnotched 
specimens leads to the following conclusions. 

In no case was it possible to produce a purely 
brittle fracture in unnotched specimens made from 
either steel. The specimens fractured at — 196°C 
underwent some — however small — plastic deform- 
ation, whose magnitude varied with the degree of 
prior cold work. 

It will be noticed that, at low degrees of cold 
work, the curves of = f (W490) and 969 = 
 (W+20°) have a specific shape and form character- 
istic points; also, that the maximum or minimum on the 
curve of the residual reduction of area W_ 960 generally 
corresponds to the maximum or minimum on the curve 
of the resistance to fracture. At higher degrees of 
cold work, from 10 per cent onwards, the resistance 
to fracture steadily increases, approximately linear- 
ly, while the reduction of area W_}96° at the same 
time decreases, also linearly, tending towards a 
limit of zero at a value of the reduction of area 
¥+920° corresponding to normal fracture at + 20°C. 
Here, in contrast to other data indicating a similar- 
ity of the type of variation of the resistance to 
fracture and the reduction of area W_ 960 at low de- 
grees of cold work, the variations of re and W_ 196° 
with cold work are of opposite character. This prov- 
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Resistence to fracture 5fr,4, kg/mm? 


20 
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FIG. 3. Relationship between true stress at fracture and 
prior cold work, for unnotched specimens from low-alloy 
steel SKhA-4: 

e — after cold work, 
o — after cold work and ageing. 


ides indirect evidence for the fact that, when the 
degree of cold work exceeds 10 per cent, i.e. during 
neck formation, the increased resistance to fracture 
is due primarily to the effect of the volume under 
stress and is a result of shape strengthening. This 
conclusion is further confirmed by the results of 
tests on notched specimens quoted below. 

Generally speaking, the existence of the charac- 
teristics observed in the curves Sy, = f (W429) 
and W_ 96° = (W209), and the conformity of the 
variations in the initial portions of these curves 
prove the theoretical considerations of Stepanov 
16], according to which brittle fracture is always 
preceded by plastic deformation. It is evident that 
in a given case, smaller distortion of the crystal 
lattice will create more favourable conditions for 
plastic deformation, resulting in a higher value of 
¥_ 196°, and vice versa, and this is reflected in the 
corresponding variations of the resistance to frac- 
ture. 

In the investigation [1], already referred to, a 
study of the relationship between the critical tem- 
perature of brittleness (7,,) and the degree of cold 
work produced by extension disclosed the character- 
istics of variation of T,, for cold work of 2-5 per 
cent. In that range, the critical temperature of brit- 
tleness temporarily increases, resulting in the form- 
ation of a maximum on the 7,,; curve. This maxim- 
um of the critical temperature of brittleness agrees 
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FIG. 4. Relationship between reduction of area, 
determined at — 196°C, and prior cold work, for unnot- 
ched specimens from low-alloy steel SKhA-4: 

e — after cold work, 
o — after cold work and ageing. 


with the minimum of the resistance to fracture on 
our curves. However, the minimum on the curve of 
Sfrou = f (W+20°) is preceded by a maximum and, ac- 
cordingly, the maximum of : might be expected to 
be preceded by a zone of low values of T,,, which 
was not observed in the investigation [1]; it is pro- 
bable, though, that it would be detected in a more 
detailed examination of the region of very low de- 
gree of cold work. 

The effect of subsequent ageing on unnotched 
specimens, as can be seen by comparing the curves 
in Figs. 3, 4, 5 and 6, manifests itself in a reduc- 
tion of the resistance to fracture and the reduction 
of area W_ 96°; these changes are in mutual agree- 
ment, just as were the variations of the resistance 
to fracture S¢, = f (490°) and the reduction of area 
W_196° = > (W+90°) in the initial portions of their 
curves. At the same time, the maxima and the mini- 
ma at the beginning of the curve of ¥_jogo= 
(420°) for the case of cold work with subsequent 
ageing are displaced to the left compared with the 
corresponding maxima and minima of the analogous 
curves obtained for the case of cold work only, and 
are formed at smaller deformations. In consequence, 
the first maximum on the curve representing strain 
ageing of the low-alloy steel was displaced so much 
towards the origin of co-ordinates that it could not 
be detected at all, and the hypothetical shape of 
the curve in that area is shown in Fig. 4 with a 
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FIG. 6. Relationship between reduction of area, deter- 
mined at — 196°C, and prior cold work, for unnotched 
specimens from steel 3: e — after cold work, 

o — after cold work and ageing. 


FIG. 5. Relationship between true stress at fracture and 
prior cold work, for unnotched specimens from steel 3: 
e@ — after cold work, 
o — after cold work and ageing. 
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FIG. 7. Relationship between true stress at fracture and FIG. 8. Relationship between true stress at fracture and 
prior cold work for notched specimens from low-alloy prior cold work, for notched specimens from 


steel SKhA-4: steel 3: 
e — after cold work, e — after cold work, 


o — after cold work and ageing. o — after cold work and ageing. 


dotted line. which rolling of the sheet was completed, resulting 
On the curves of S74 =f (W+20°) and Y_196° = in a certain amount of cold work. 
& (W209) for steel 3, the first maximum is missing Just as for the low-alloy steel, the complete curve 


both after cold work and ageing, and after cold work = of W_} 96° = d (W420) after strain ageing was shift- 
alone; this may be due to the low temperature at ed towards the origin of co-ordinates compared with 
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the cold-worked condition. Here, too, ageing result- 
ed in a decrease of Sf,,4 and _}96° in comparison 
with the corresponding values in cold-worked state 
for the complete range of cold work investigated. 

For both steels, at higher degrees of prior plas- 
tic deformation (30-40 per cent), the curves of 
W_196° = & (420°) for cold work and strain ageing 
merge together and afterwards appear as one curve. 

In contrast to our results, in the investigation [4] 
it was reported that the resistance to fracture after 
ageing increases, instead of decreasing. It is worth 
noting that in our investigation the effect of ageing 
was in all cases of the same sign; taking into ac- 
count the large number of gradations of cold work 
applied, on two different steels, this can be con- 
sidered an adequate proof of correctness of our fin- 
ding as regards the sign of that effect. The differ- 
ence indicated might seem to be attributable to the 
difference in the ageing temperatures: in Smolovich’s 
tests ageing took place at + 100°C, and in ours at 
+ 250°C. However, a special experimental check ma- 
de in a few cases indicated a similar effect of age- 
ing under both these conditions. 

It is more probable, however, that the reason for 
the sign of the effect of ageing, as determined in 
the investigation [4], may lie in a difference betwe- 
en the degrees of prior cold work in the two treat- 
ments studied; as can be seen from the curves of 
Str.u =f (420°), this may lead to a complete reversal of 
the true ratio of the values of Shreu for the materials of 
cold-worked and aged specimens. 

An examination of the curves obtained in the tests 
on notched specimens leads to the following conclu- 
sions. 

At low degrees of cold work, the curves of S;, , = 
f (W420°) exhibit maxima and minima analogous to 
those for unnotched specimens. Compared with the 
corresponding points for unnotched specimens, the 
characteristic points on the curves of Sy, , = f (v4 
20°) for notched specimens are displaced to the left, 
towards smaller plastic deformations, by about half 
the value of the cold work. At higher degrees of cold 
work, exceeding 5 per cent (which corresponds to 
about 10 per cent for unnotched specimens), the re- 
sistance to fracture of the low-alloy steel increases 
slightly (by about 5 kg/mm?) compared with Sy, , 
at 5-10 per cent, and that of steel 3, after a slight 
decrease at 20 per cent, also increases by approxi- 
mately the same amount. 

The curves of Sfr n =f (W+20°) obtained after cold 
work and ageing also exhibit maxima and minima 
which are displaced to the left compared with the 
corresponding characteristic points on the curves 
for cold work alone. The values of the resistance 


to fracture after strain ageing are lower than after 
cold work alone, in the same way as for unnotched 
specimens. This difference gradually increases at 
higher degrees of cold work because the curve of 
= f (W420°) descends with increasing degree of 
prior deformation, the descent being particularly 
steep for the low-alloy steel. 

The displacement of the curve of Sy, n= f (420°) 
of aged specimens relative to the curve for cold- 
worked ones is very substantial. In view of the fact 
that the first, characteristic fragment of the curve 
for cold-worked notched specimens lies in the re- 
gion of very small deformations, the first maximum 
for aged specimens could not be detected, and is 
therefore indicated on the diagram with a dotted line. 

As in the case of unnotched specimens, as a res- 
ult of cold work in the original condition, the first 
maximum on the curve of Stren = f (W429) is missing 
for both cold-worked and aged specimens from steel 
3. In the case of strain ageing of this steel, because 
of the specific characteristics of deformation of not- 
ched specimens, as mentioned above, the first mi- 
nimum on the curve in question was not detected 
either, and is shown in Fig. 8 with a dotted line. 

It can be seen that the effects of notch and ageing 
on the position of the curve of Sf, = f (W429) are 
similar, in that both result in a displacement of that 
curve into the region of smaller deformations. 

Reduced resistance to fracture in consequence of 
ageing at higher degrees of cold work readily ex- 
plains increased cold shortness after ageing, as de- 
termined, in particular, in the investigation [7]. 

Greater reduction of the resistance to fracture as 
a result of ageing in notched specimens, as compared 
with unnotched ones, might be explained by reduced 
plasticity after ageing. This may result in a relativ- 
ely higher value of the experimental coefficient of 
stress concentration in the aged condition, as com- 
pared with the cold-worked condition, which in turn 
would bring about a relative reduction of the resist- 
ance to fracture of aged specimens, as compared 
with cold-worked ones. Evidently, however, this 
factor is of no decisive significance, because the 
values of the maxima on the curve of S;, , = f (W209) 
after strain ageing are approximately the same as 
after cold work only. 

Bearing in mind the ready inclination of the mater- 
ials investigated to brittleness (as evidenced in par- 
ticular by the character of fracture of unnotched 
specimens which, under static conditions of ruptur- 
ing at — 196°C, show very little plastic deformation), 
tests at — 196°C on specimens with a sharp notch 
would be expected to result im fully brittle fracture. 
If on no other grounds, this assumption would be 
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FIG. 9. Diagrammatic representation of curves of true stress at fracture 
vs. cold work for notched (a) and unnotched (b) specimens from 
low-alloy steel. 


justified by the fact that the presence of a sharp low-alloy steel have been drawn diagrammatically ye 
notch raises the critical temperature, in some cases _and annotated as required in Fig. 9. Using this no- 195 


by as much as 150-200°C, as compared with unnot- 
ched specimens [8]. 

In practice, however, the position is different. On 
the curves of Ss, , = f (¥+20°) for notched specim- 
ens, the maxima and minima of the resistance to 
fracture are similar to those for unnotched speci- 
mens. In view of the fact that, for unnotched speci- 
mens, a close connexion was established between 
these characteristic points and the corresponding 
maxima and minima of plasticity on the curves of 
W_ 196° = (W+20°), it can be claimed that, also 
when rupturing specimens with a sharp notch at — 
196°C, fracture is preceded by a definite plastic de- 
formation. Evidence for this is also provided by the 
displacement, referred to above, of the curves of 
Str = f (W+20°) for notched specimens in the direct- 
ion of small deformations, as compared with unnot- 
ched specimens, which can only be explained by ad- 
ditional cold work occurring at the base of the notch 
during load application. Finally, this is also indi- 
cated by the substantial difference between the ex- 
perimental value of the coefficient of stress con- 
centration, equal to 1.3-1.5, and its theoretical va- 
lue of 3,2. All these facts confirm the existence of 
plastic deformation under conditions of rigid load- 
ing and fully support Stepanov’s hypothesis [6]. 

By comparing the curves of S;, = f (W409) obtain- 
ed for both notched and unnotched specimens of the 
two steels, important conclusions can be arrived at. 
To facilitate analysis, the curves of Ss, = (+200) 
for both unnotched and notched specimens from the 


tation, the following deductions can be made from 
the experimental results obtained. 

The resistance to fracture corresponding to the 
beginning of neck formation in unnotched specimens 
is increased by a value of B,B = A S;,, as compared 
with Sfru (0). For notched specimens, point B on 


the curve for unnotched specimens has its equiva- 
lent in point B’, which follows from a comparison 


of the shape of the curves for the two specimens, as 
well as from the fact that A W; equals half* A y,. 
Taking this into account and noting that ByB Y 
BoB’, i.e. that the increase AS;,, (approximately 

20 kg/mm?) for unnotched specimens is equal to the 
increase AS, for notched specimens, we conclude 
that specimen shape exerts no important influence 
in the case under consideration. 

Making use of the finding that the plasticity of 
notched specimens is less than the corresponding 
plasticity of unnotched specimens, we assume that 
it is possible to compare the value of Sy, ,, relat- 
ing to point C’ for A wy = (A y,)/2, with relat- 
ing to point C. Such a comparison of corresponding 
values of the resistance to fracture shows that, 
when A S;,, for unnotched specimens equals approxi- 
mately 20 kg/mm?, A S¢, for notched specimens is 


* It was noted earlier that, compared with the maxima of 
Sfr for unnotched specimens, the corresponding maxi- 
ma for notched specimens are displaced by half the 
value of deformation in the direction of smaller deform- 
ations. 
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no more than 5 kg/mm?. Since, when comparing the 
values of AS;,, and AS/,, no influence of specimen 
shape was detected, the difference between AS tr, 
and A Sj, can be explained in the following manner. 

During the tests on unnotched specimens and de- 
termination of the curve of S;, = f (W909), in the re- 
gion of greater deformations the shape of the speci- 
mens differed (because of the presence of the neck) 
from the original shape, and consequently the path 
of that curve reflected both physical hardening and 
shape strengthening. In the tests on notched speci- 
mens, however, where the effect of shape was es- 
sentially eliminated (the same shape throughout), 
the of the curve of = f 
was dictated by physical hardening alone. Thus, the 
difference — is a result of geome- 
trical strengthening, and its value is a measure of 
the latter. Evidently, the effect of physical harden- 
ing in the process of neck formation on the magni- 
tude of the resistance to fracture is less than the ef- 
fect of geometrical strengthening. 

Since the part of the curve of actual stress in un- 
notched specimens in the region of neck formation 
and development runs approximately parallel to the 
corresponding part of the curve of the resistance to 
fracture, it may be expected that the characteristics 
discovered in that portion of the latter curve will 
also be found in the former curve. If that is so, then 
the data on the resistance to fracture of notched and 
unnotched specimens lead to the conclusion that the 
increase in the actual stress in the specimens after 
the neck has formed is due primarily to shape stren- 
gthening (75 per cent) and only to a small extent to 
physical hardening (25 per cent). 

The results of the investigation |10) indicate a 
relatively greater role of physical hardening, the ra- 
tio of physical hardening to geometrical strengthen- 
ing being approximately inverse compared with that 
obtained by us for the actual stresses in the part of 
the diagram under discussion. For this reason, the 
results and conclusions in this work agree perhaps 
more closely with the views of Pashkov [11], al- 
though they still indicate the presence of physical 
hardening in the region corresponding to the forma- 
tion of the neck. 

Turning now to the problem of the nature of the 
special features in the initial portions of, and of the 
presence of the characteristic points on, the curves 
of Sf, = f (420°) for both notched and unnotched 
specimens and the curves of W_j9¢6° = d (W429) for 
unnotched specimens, the following can be stated. 

In general, it is impossible at present to provide 
a fully substantiated explanation of the character- 
istics indicated in the curves in question. As a 


working hypothesis, in the first approximation the 
following considerations may be pointed out. 

At the lowest degrees of cold work, as follows 
from the investigations [12, 13], plastic deformation 
is of localized character and occurs mainly at the 
grain boundaries, possibly in a specific non-slip 
manner. This was pointed out by Pashkov [14] in his 
study of deformation in the regions in which its de- 
velopment was impeded. This should result in relief 
of local stress concentrations and, consequently, in 
an increase of the values of and 969, and 
thus provide an explanation of the first maximum on 
the curves of Ss, = f (4209) and 1969 = (W209). 

At further extension, plastic deformation occurs 
by the usual slips cutting through the bodies of 
grains; according to Stepanov, this leads to increa- 
sed distortion of the crystal lattice and, consequent- 
ly, to a decrease of Ss, and W_}9¢9, and to the for- 
mation of minima on the corresponding curves. Sub- 
sequently, there takes place a process of intensive 
grain comminution and relative rotation of mosaic 
blocks, which, according to the findings of Rovins- 
kii’s investigation [9], referred to earlier, produces 
its maximum effect at deformations of the order of 
10 per cent; this is reflected in those parts of the 
curves, showing a rapid increase of the resistance 
to fracture and reduction of area at — 196°C. 

The further, very slow increase of the resistance 
to fracture, observed in unnotched specimens, may 
be due to the formation of oriented structure at de- 
formations greater than 10-15 per cent, which was 
observed in the investigation [15], and possibly al- 
so to some comminution and mosaic-block rotation 
which have not altogether ceased. 

In conclusion it must be stated that the character- 
istics of the curve of = determin- 
ed by us for unnotched specimens have been describ- 
ed in the investigation [16], with which we became 
acquainted after completing our experiments in 1950. 
On the basis of their results, the authors of that in- 
vestigation [16] came to the conclusion that very 
low values of the reduction of area at — 196°C in 
the original condition, and the anomalies in the ini- 
tial portion of the curve of residual plasticity are 
typical of cold short materials only. In the opinion 
of those authors, following substantial plastic de- 
formation, the quality of the material is improved, 
plastic properties are restored and subsequently the 
path of the curve of Y_j960 = d (W490) is similar to 
that of materials which do not exhibit cold shortness. 
The actual phenomenon which leads to the appear- 
ance of the characteristics of cold short materials 
has been given the name of rheotropic brittleness by 
those authors. 
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Without entering into a detailed analysis of that 
investigation*, which is somewhat formal in charac- 
ter, we will show that in general the conception of 
restored plastic and ductile properties in steel as a 
result of substantial deformation appears quite plau- 
sible. It is in agreement both with the considerable 
reduction of the tendency to brittleness [1] and the 
lowering of the critical temperature of brittleness 
under the effect of cold work in extension, and with 
the fact, established in the investigation |1], of in- 
creased (even if only slightly) resistance to frac- 
ture in the region of large plastic deformations, in 
spite of the reduction of W_}9¢° in that region. 

If one takes into account the similarity in the var- 
iation of Ss, and w_j9¢6° at small deformations, then 
the fact of increasing gap between the curves of 
Str = and W_196° = > (Y+209) at higher va- 
lues of U4999, when W_196° begins to decrease, 
must be regarded as favourable in connexion with 
the inclination of the material to brittle fracture. In- 
cidentally, it may be mentioned that the consider- 
able decrease of _}9¢° in that range of deforma- 
tions clearly appears to be one of the reasons why 
the increase of the resistance to fracture with cold 
work is relatively small in that region. 

CONCLUSIONS 

1. In the region of small deformations, the curves 
of the relationship between the resistance to frac- 
ture and prior deformation exhibit characteristic 
points (maxima and minima). These are observed in 
tests on both unnotched and notched specimens, but 
the characteristic points for notched specimens, 
compared with those for unnotched ones, are displac- 
ed into the region of small deformations, i.e. towards 
the origin of co-ordinates. 

2. For notched specimens, once again in the reg- 
ion of small deformations, characteristic points are 
present on the curve of the relationship between the 
reduction of area, determined at — 196°C, and prior 
plastic deformation. The characteristic points on the 
curve of W_}j96° = (W499) are found at the same 
plastic deformations as the analogous points on the 
curve of Ss, = f (W429). This indicates a connex- 
ion between the resistance to fracture and plastic 
deformation under load. 

This is also confirmed by the existence of maxi- 
ma and minima of the resistance to fracture during 
apparently brittle rupturing, on the curve of Sfr = 
f (W420) for specimens with a sharp notch. 

3. Strain ageing of both unnotched and notched 
specimens at 250°C results in a decrease of the 
resistance to fracture compared with cold-worked 


* In that investigation, no detailed study was made of the 
(continued on the next page) 


state. In unnotched specimens, this leads also to a 
decrease of the reduction of area, determined at — 
196°C. The actual character of the curves (presence 
of characteristic points) after ageing remains the 
same as after cold work, but, just as under the ef- 
fect of notch, the corresponding characteristic points 
after ageing are displaced towards smaller deforma- 
tions. 

4. In the region of extensive cold work, with in- 
creasing prior plastic deformation, the resistance to 
fracture of unnotched specimens increases substan- 
tially, while that of notched specimens does so on- 
ly very slightly. Taking into account that the increa- 
se of the resistance to fracture, as a result of prior 
deformations producing the same reductions of area, 
is equal for both unnotched and notched specimens, 
it can be concluded that the increase of the resist- 
ance to fracture in unnotched specimens at greater 
deformations is mainly due to geometrical strength- 
ening. The increase of the resistance to fracture in 
consequence of physical hardening in this range of 
deformations is relatively small. 

5. On comparing the curves of Ss, = f (W4909) and 
of actual stresses for unnotched specimens in the 
region of large deformations, and on taking into ac- 
count the deductions in para. (4), one can conclude 
that physical hardening of the material through ex- 
tension in that region is relatively small. 

6. Taking into account the experimental results 
of other investigations, a proposed explanation is 
given of the nature of the characteristic points on 
the curves of Str = f (W409) for unnotched and not- 
ched specimens, and on the curve of W_j969 = ¢ 
(W4209°) for unnotched specimens. 


Translated by Z. Michalewicz 
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variation of Sf, with cold work; the first maximum on 


the curve of W_}j9¢°= d (¥420°) was not observed; no 
attempt was made to explain the results obtained. 
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THE CHARACTERISTICS OF STEPPED-STEADY PROCESSES OF PLASTIC 
DEFORMATION OF STEELS,|* 
L.G. AFENDIK 
L’vov Polytechnic Institute 
(Received 11 October 1956) 


A study was made of two-stage processes of plastic deformation of structural steels at normal 
temperature. On transition from one stage of deformation to the other, the directions of the principal 
axes of deformation were retained, but the uniformity of variation of the principal dislocations was 
disturbed. The anisotropy of mechanical properties, in particular the anisotropy of hardening, ob- 
served during such processes, is characterized by components of some tensor, termed tensor of ani- 


sotropy of hardening. 


INTRODUCTION 


It is known that polycrystalline bodies, whose di- 
mensions are sufficiently large compared with the di- 
mensions of individual crystallites, can be regarded 
as quasi-isotropic if the latter are in a state of dis- 
ordered orientation. However, tests on steels show 
that isotropy during plastic deformation is only ob- 
served in those cases, when the process of deform- 
ation is steady. When the uniformity of plastic de- 
formation of a polycrystalline metal or alloy is dis- 
turbed in one way or another, anisotropy of its me- 
chanical properties appears. 

The anisotropy of mechanical properties, develop- 
ed as a result of plastic deformation, can conveni- 
ently be described as deformation anisotropy. 

In consequence of a series of investigations, the 
laws of plastic deformation of polycrystals under 
simple loading are today essentially understood. For 
such loading, the directions of the principal stres- 
ses and their proportions remain constant, and the 
process of deformation is uniform. 

The attempts by some investigators [] -3] to apply 
the so-called theory of plastic flow to non-steady 
processes is, in our opinion, not altogether fortun- 
ate, because such treatment ignores the phenomena 
of deformation anisotropy and strain ageing. 

In the present work are presented the results of 
studies of stepped-steady processes of plastic de- 
formation of carbon steels at room temperature. In 
the cases analysed below, the directions of the prin- 
cipal axes of deformation were constant, but the 
directions of the deformations themselves and, what 


* Fiz. metal. metalloved. 6, No. 2, 304-310, 1958. 


is important, the directions of the principal macro- 
dislocations changed on transition from one step to 


the other. 


THE EQUATIONS OF PLASTIC DEFORMATION 
FOR SIMPLE LOADING AND STEADY 
PROCESSES 


Let the orthogonal axes of co-ordinates be relat- 
ed to the deformed state of the material, and let 
their directions coincide with the directions of the 
principal axes of deformation. Deformation will be 
described by means of logarithmic components e;, 


(k=1, 2, 3), a) 


where €, = principal elongation. 

The principal displacements g;,; are determined 
from the principal deformations by the Nadai formu- 
lae 


= Ce — 2; {=1, 2, 3) 


(2) 


By steady processes of deformation are under- 
stood here the processes with unvarying directions 
of the principal axes of deformation and steady vari- 
ations of the principal displacements. The condition 
of steadiness of the principal displacements can be 
written in the form 


sign 8g, const,! I, 2, 3) (3) 
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where 5g, = increase of principal displacement. 


_ The directions of the principal true stresses 0,, 
G2 and @, during steady deformation of a quasi-iso- 


tropic polycrystal coincide with the directions of the 
principal deformations. These directions are tied to 
the axes of co-ordinates mentioned above. 

Further, the following invariants of stress and de- 
formation are employed: the mean normal stress o, 
the mean deformation e, the intensity of stress 0;, 
the intensity of deformation e;, and the Lode para- 
meters fig and pe: 


Ve — + (a — + (33 — (5) 


V (€, — + (€, — es)? —eé,)*; (6) 


In the last formulae, the components of stress and 
deformation are marked with asterisks to denote se- 
quence of these values in connexion with non-steady 
processes analysed below. Here, 


In the investigations of lagn, Vinogradov and 
Chaplinskii [4-6], it was determined that, for sim- 
ple loading, the processes of plastic deformation of 
many quasi-isotropic polycrystalline metals and al- 
loys, including steels, can be represented by an 
equation of the following form 


PO), 


1 
=0, if 


The last condition applies, in particular, to uni- 
axial tension, uniaxial compression and simple shear. 

For the structural steels studied in the present 
work, the coefficient a (e;) in equation (8) could 
with sufficient accuracy be considered constant, and 
the function f (e;) could be expressed by the method 
of least squares, in the form of an exponential func- 
tion. 

In particular, for steels 10 and 30, the following 
approximate equations of plastic flow were obtained 
for the cases when pig = + 1, — 1 or 0, 


69.6 0.1294] (steel 10); (10) 


kg 
89.1 e°7!7 — 0,093 (steel 30). (11) 
mm 


With e; varying between the limits of 0.01 < e; 
< 0.25, the difference between the experimental 
values of 0; and those calculated by the above for- 
mulae did not exceed 2 per cent. 

Let the deviator of stress (Dg) be expressed in the 
following form 


(3; — 44) — — 
0 0 
0 — — (3; — 0 
3 
0 91) — (2 — 35) 


(12) 


3 


Let the following combination of values be des- 
cribed as the deviator of deformation (D,) 


For steady processes of plastic deformation of 
quasi-isotropic polycrystals, one can adopt with very 
good acouracy a proportional relationship between 
the above deviators, which, for uniaxial tension, 
uniaxial compression and simple shear, is given ex- 
actly by 


OL. 
6 
(D) =) 0 e—e 0 
0 0 (13) 
where 
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(D.) 


ANISOTROPY OF HARDENING FOR STEPPED- 
STEADY PROCESSES OF PLASTIC 
DEFORMATION 


Departures from uniformity of deformation result 
in deviations of the values of o; from the values of 
the intensity of stress, determined from equation 
(8). 

To assess the anisotropy of hardening, develop- 
ing during stepped-steady deformation it is conve- 
nient to introduce in place of the intensity of defor- 
mation e; a new value, e;, which increases steadily 
at any plastic deformation. 

Let the increase of the intensity of deformation, 
de;, be equal to the sum of the increases of the in- 
tensities of elastic and residual deformations: de; = 
de; + de;. Let us designate by e? the sum of the 
magnitudes of the intensities of residual deforma- 
tions in all the preceding deformation stages, 


0 


= | |de'l, (15) 
0 


and by e; the intensity of deformation in the last 
stage of deformation only, resulting after previous 
loading of the material. Thus, 


0 
e; = @j 


(16) 


Polycrystalline metal could be regarded as iso- 
tropically-hardening if, after some plastic deforma- 
tion and loading, its hardening during subsequent 
deformation did not depend on the directions of that 
deformation. In such a case, the equation of stepped 
steady plastic deformation of an isotropically- hard- 
ening material is obtained from equation (8) by sub- 
stituting €; for e;. For processes with the paramet- 
ers tg = 1, — 1 or 0, this equation takes the follow- 
ing form 


3, +as=/(e). (17) 


Experimentally determined values of the left- 
hand side of equation (17) for steel with disturbed 


uniformity of the process, generally speaking, dif- 
fer from the values of the right-hand side in conse- 
quence of anisotropy of hardening and strain ageing. 

Experimental investigations of two-stage proces- 
ses of plastic deformation of pre-annealed structur- 
al steels have disclosed the following phenomena: 

1. After uniaxial tensions or compressions to fin- 
al deformations not exceeding 20 per cent, the modu- 
li of elasticity, E, for different directions differ from 
the original ones, obtained in the quasi-isotropic 
state, by not more than 3 per cent. 

2. In those cases, where transition from the first 
to the second stage of plastic deformation was ac- 
companied by a change of direction of at least one 
principal dislocation, the resistance to further plas- 
tic deformation decreased in comparison with the 
corresponding steady processes. 

3. The appearance of new principal dislocations, 
previously equal to zero, was accompanied by some 
increase of the resistance to plastic deformation. 

These characteristics of stepped-steady proces- 
ses of plastic deformation, together with the charac- 
teristics of the progress of deformation, which will 6 
be discussed later, give grounds for the view that 
local microchanges in the structure, developing dur- 
ing uniform deformation, are on the average orient- 
ed in the directions of the principal macrodisloca- 
tions. The microstresses, including the residual 
stresses, which appear during the process, can also 
be regarded as being oriented on the average in the 
directions of the principal dislocations. 

It must be admitted that these microstresses are 
unstable not only in time (ageing, relaxation), but 
also as regards the directions of deformation. Chan- 
ges in the directions of the principal dislocations 
and, generally, disturbed uniformity of the process, 
result in changes in oriented residual microstresses. 

In this connexion, various forms of deformation ani- 
sotropy of the mechanical properties will be observ- 
ed. 

In order to study the effect on deformation aniso- 
tropy of microstresses oriented on the average in 
the directions of the principal dislocations, a so- 
called tensor (deviator) of anisotropy of hardening, 

Dg, has been introduced in this work. This tensor 
is expressed by the values of a, conventionally 
known as its components. Thus, 


212 — 431 0 0 


(D.) 


231 — 
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The components a,; (k, 1 = 1, 2, 3; & 4 1) differ 
from zero only when the uniformity of variation of 
the relevant principal dislocation is disturbed, i.e 
when 6 (sign 5g;7) # 6. 

Defining o% as the intensity of the stressed state 
with a deviator equal to the sum of (Dg) + (Dg), 
where (D,) is the deviator of stress for the deforma- 
tion stage under investigation. The components of 
the tensor of anisotropy of hardening will be deter- 
mined in such a way that the intensity of stress 0% 
satisfies the equation of plastic deformation with 
isotropic hardening. For the cases in which pig = 
1, — 1 or 0, this equation takes the following form: 


+as=f (e). (19) 


For a given value of €;, on the basis of experim- 
ental data, as many equations of type (19) can be 
drawn up as are necessary for determining the com- 
ponents of the deviator (Dg). It is possible to do this 
thanks to the assumption, supported by tests, that, 
in spite of the uniformity of the process, the values 
of a4; can be considered to be dependent only on the 
intensity e? of residual deformation in the first stage, 
the intensity e; of deformation in the second stage 
being investigated, and the time interval between the 
deformation stages. Consequently, the components 
of the tensor of anisotropy of hardening can be ex- 
pressed by the following functional equations 


= 8 (sirg fe (e?, (2) °) (20) 


The function ¢,; (t) represents the effect on hard- 
ening of the processes of relaxation and ageing. 


SOME SPECIAL CASES OF TWO-STAGE 
PROCESSES OF DEFORMATION 


Experimental studies of two-stage processes of 
plastic deformation were carried out on steels 10, 
20 and 30, annealed before the tests. 

In the first stage, the tests were made in uniaxi- 
al tension, uniaxial compression and simple shear 
in three mutually- perpendicular directions. For the 
tensile and compressive tests, cylindrical specim- 
ens with a diameter of 6 mm were used; to reduce 
friction on the end faces of the specimens during 
compression, lead washers and lubrication were ap- 


plied. 
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Tests in simple shear were performed by axially 
compressing tubular specimens and simultaneously 
increasing the internal hydraulic pressure in them 
so that the axial and circumferential normal stres- 
ses were equal in magnitude. 

In addition, first-stage deformation tests to given 
values of the intensity of residual deformation were 
made on specimens of larger size. Afterwards, from 
these specimens were prepared small specimens, 
oriented along the principal axes of deformation of 
the first stage. Subsequently, tests were made in 
uniaxial tension, uniaxial compression and simple 
shear of the second degree of deformation. 

In Fig. 1 are shown the curves of 0; vs. e; of 
plastic deformation for annealed steel 30. Curve 1 
corresponds to uniaxial compression, and curve 2 to 
uniaxial tension in the direction 1, coinciding with 
the axis of preparation of the metal. The black cir- 
cles indicate the results of tests in compression and 
tension in the direction 2, at right angles. The dot- 
ted curve 5 was obtained for simple shear with an 
axial compressive stress in the direction 1. 

Fig. 2 shows the curves of O_, vs. e; of compres- 
sion in the direction 1. Curve 1 represents compres- 
sion of the annealed metal, while the remaining cur- 
ves have been obtained for compression after prior 
extension in the first stage, along the same axis, 
to different values e? of the intensity of residual de- 
formation: curve 2, e? = 0.047; curve 3, e? = 0.111; 
curve 4, e? = 0.185. 


In Fig. 3 are given the curves of 0_¢ vs. e of 
compression of steel 30 in the direction 2. Curve 1 
has been obtained for annealed steel. Curves 2, 3 
and 4 have been obtained for compression in the 
second stage, after extension of the metal in the 
direction 1, at right angles, in the first stage. Curve 
2 corresponds to e? = 0.111; curve 3 to e? = 0.185; 
curve 4 (shown with black dots) to e? = 0.047. Cur- 
ve 5 represents compression after prior compress- 


ion in the direction 1 to e? = 0.112. 
Fig. 4 shows the curves of the dependence of the 


components of the tensor of anisotropy of hardening 
on the intensity of residual deformation of the first 
stage, and on the intensity e; of deformation of the 

second stage. Curves | and 3 represent the values 

of a,, after extension in the direction 1 in the first 

stage to e? = 0.047 and e? = 0.111, respectively. 
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FIG. 1. Curves of Gj vs. ej for annealed steel 30: 
1 — compression; 2 — tension in direction 1; 
3 and 4 — ditto for direction 2; 
5 — simple shear. 
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FIG. 3. Curves of G_» vs. ej of 
compression in direction 2 for steel 
30 after prior extension or compression 
in direction 1. 


Curves 2 and 4 show the component a,, for the same 
values of e?. Curve 5 (shown with dots) represents 
the values of a,,, and curve 6, the values of a,, 
after compression in the direction 1 to e? = 0,112. 
Curve 7 represents the values of a,, after extension 
in the first stage to e? = 0.185. 
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FIG. 2. Curves of 0_] vs. @ of compression 
in direction 1 for steel 30 after prior extension 
along the same axis to different values 
of residual deformation. 


| 


FIG. 4. Values of components of tensor of anisotropy of 
hardening for steel 30: 1 — | a,;|, 2—|a,,| after exten- 
sion in direction 1, e? = 0,047; 3 —| a,;|, 4—|@,,| after 

extension, e? = 0.111; 5 — | @3|, 6 — | @,,| after 
compression, e? = 0.112; 7 — | a,,| after 
extension, e? = 0.185. 


The values of the components of the tensor of 
anisotropy of hardening for the discussed cases of 
two-stage deformation in steel 30 can be expressed 
approximately in the following form 
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6,8(2)95 xg 
= |a3,| = (i (e; > 0.004) 


mm? 


(21) 


= 
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THE EFFECT OF THE ANNEALING TEMPERATURE ON THE MECHANICAL 
PROPERTIES OF SPHEROIDAL-GRAPHITE CAST IRON AND THE 
DISTRIBUTION OF PHOSPHORUS * 

S.G. GUTERMAN and G.A. PISARENKOt 
Urals Non-ferrous Metals Scientific Research Institute 
(Received 15 November 1956) 


At the present time there is no uniformity of opi- 
nion on the effect of the temperature of supercritic- 
al annealing on the mechanical properties of spher- 
oidal-graphite cast iron. For example, Ballay, Chavy 
and Grilliat |1| have found a beneficial influence of 
high-temperature homogenizing annealing. Accord- 
ing to these authors, a heat-treatment preceding the 
low-temperature annealing (700- 740°C), and cons- 
isting of heating for 2 hr at 1000°C with subsequent 
cooling in air, substantially improves the plastic 
properties and impact strength of cast iron. An op- 
posite view is held by Kuniavskii and Demidova 
[2], who consider that, as a result of melting and 
spreading of the phosphide eutectic along the grain 
boundaries during high-temperature annealing, the 
mechanical properties of cast iron are impaired. Un- 
fortunately, these authors dealt with an unusually 
high (for a spheroidal-graphite cast iron)phosphorous 
content (0.29 per cent). 

In the present article are given the results of an 
investigation of the effect of the annealing tempe- 
rature on the mechanical properties of a high-stren- 
gth cast iron and the distribution in it of phosphor- 
us. 

Tree-shaped specimens, with branches of 30 mm 
diameter, were cast from iron melted in an induction 
furnace with a 250 kg capacity and treated with mag- 
nesium (0.5 per cent) in the ladle. The composition 
of the cast iron was: 3.20 C, 2.63 Si, 0.58 Mn, 0.13 
P and 0.01 per cent S. The specimens were anneal- 
ed at temperatures of 800, 850, 900, 950 and 1000°C 
by the following procedures: heating to the required 
temperature, maintaining at that temperature for 6 
hr, and cooling to 600°C at a rate of 20° per hr. 
Tensile tests were made on specimens with diamet- 


* Fiz. metal. metalloved. 6, No. 2, 311-314, 1958. 

t In the experimental part of the investigation the 
authors were assisted by Junior Scientific Officers 
L.A. Belousov and G.D. Susloparov. 


ers of 10 mm and test lengths of 50 mm, while the 
impact strength was determined on 55 x 10 x 10 mm 
unnotched specimens. 

The results of the mechanical tests, given in Fig. 
1, show that, as the annealing temperature increas- 
es right up to 950°C, the plastic properties of cast 
iron are considerably improved and the impact stren- 
gth increases even more rapidly. It must he added 
that an increase of the temperature beyond 950°C 
does not lead to a further improvement of the plastic 
properties and impact strength of cast iron. 

On the basis of the results obtained, 900 - 950°C 
can be regarded as the optimum temperature range 
for annealing. 

The next task was to determine the cause of the 
improved mechanical properties after annealing. It 
is well known that the phosphide eutectic, precipit- 
ated during the crystallization along the boundaries 
of primary grains, unfavourably affects the mechanic- 
al properties of spheroidal-graphite cast iron [3-5]. 
Because of this, it was suggested that the improve- 
ment of these properties as a result of annealing is 
due to the diffusion of phosphorus from the phosphi- 
de eutectic into the surrounding austenite during 
annealing, and consequent reduction of the non-uni- 
formity of phosphorus distribution. 

An autoradiographic investigation was made to 
check this hy pothesis. 

Into 30 kg of magnesium-treated cast iron, 30 mc 
of radioactive phosphorus isotope P*? were introduc- 
ed, The composition of the iron was: 3.16 C, 2.12 Si 
0.63 Mn, 0.18 P and 0.011 per cent S. From this iron, 
a specimen 100 mm in diameter and 150 mm long was 
cast with a head widening towards the top. The sym- 
metrical pattern, illustrated in Fig. 2, by which the 
specimens for annealing were cut out, shows that 
the same conditions of crystallization prevailed in 
all of them, which is essential for obtaining compara- 
ble test results. The specimens were annealed at 
temperatures of 800, 900, 950 and 1000°C. The an- 
nealing procedure consisted of heating to the required 
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FIG. 1. Effect of annealing temperature on 
mechanical properties of spheroidal-graphite 
cast iron. 


FIG. 2. Pattern of specimens 
cut for autoradiographic 
examination. 


Annealing temperature (°C) 


Density of blackening 


900 
950 
1000 


Initial condition 
800 


temperature, maintaining at that temperature for 10 
hr, and cooling to 650°C at a rate of 15° per hr. 

Using a fine-grained film NIKFI MR15, autoradio- 
graphic pictures were taken from macrosections 
(cross-hatched area in Fig. 2) of the cast-iron spe- 
cimens, both unannealed and annealed at different 
temperatures; the exposure time was 48 hr. 

From the pictures shown in Fig. 3, it can be seen 
that the density of blackening of the particles en- 
riched with phosphorus is much less in cast iron an- 
nealed at 950°C than in either unannealed cast iron 
or that annealed at 800°C. This is confirmed quantitat- 
ively by the results of microphotometric measure- 
ments on the 20 darkest fragments in the radiogra- 
phic pictures of each specimen. The mean values 
of the density of blackening for all radiographic 
pictures are listed in the Table. 

As can be seen from the Table, a marked reduction 
of the intensity of blackening is observed only after 
annealing at 900°C, and is most pronounced at 950° 
C. A further increase of temperature to 1000°C 
brings no changes to the picture obtained after 
annealing at 950°C. 


On the basis of the tests carried out, one may 
regard as proved the fact that a high-temperature 
anneal results in a reduction of the non-uniformity 
of phosphorus distribution in cast iron. 

A microscopic examination of the cast iron in its 
initial condition showed that its structure contained 
a considerable quantity of the phosphide eutectic. It 
follows therefore that: 

1. Since the highest concentration of phosphorus 
occurs in the phosphide eutectic, the darkest zones 
in the autoradiographic pictures correspond to the 
locations of the phosphide eutectic. 

2. Reduced intensity of blackening of the darkest 
zones in the autoradiographic pictures, accompany- 
ing an increase in the temperature of annealing of 
cast iron, is a result of the diffusion of phosphorus 
from the phosphide eutectic into the surrounding 
austenite. 

How can the observed redistribution of phosphorus 
be explained ? If one assumes that the crystalliza- 
tion of the cast iron took place under conditions of 
equilibrium, i.e. at infinitely slow rates of cooling, 
then both austenite and the phosphide eutectic 
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FIG. 3. Autoradiographic pictures of cast iron: 


— unannealed; 


b — annealed at 800°C; 
c — annealed at 950°C; x 12. 


should contain equilibrium amounts of phosphorus, 
and no redistribution of phosphorus between them 
should take place on annealing. Under the actual 
conditions of production of castings, when crystal- 
lization takes place at relatively high rates of co- 
oling, in consequence of partial suppression of dif- 
fusion processes, two cases of formation sf struc- 
tures lacking equilibrium are possible: 

(a) the phosphide eutectic forms at phosphorus 
contents below the equilibrium ones, in the same 
way as the eutectoid in the system copper-tin forms 
at tin contents corresponding to the region of the 
a solid solution |6); 

(6) at phosphorus contents sufficient for the for- 
mation of the phosphide eutectic under equilibrium 


conditions of crystallization, the amount of the 
eutectic may be greater than that corresponding to 
the given conditions. 

It follows therefore that in the case (a), i.e. when the 
phosphide eutectic forms at phosphorous contents below 
the equilibrium ones, its disappearance is possible after 
annealing at a sufficiently high temperature and for 
a sufficiently long time; this is confirmed by a met- 
allographic examination of the cast irons investiga- 
ted, containing 0.12 and 0.18 per cent P. In the case 
(b), however, complete elimination of the eutectic 
is impossible. Thus the effect of high-temperature 
annealing on the mechanical properties of cast iron 
must depend on the phosphorus content. It appears 
that this effect will be particularly marked in the 


c 
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first of the two cases examined, (a), i.e. at relative- 
ly low phosphorus contents in cast iron. 

The investigation carried out shows also that su- 
percritical annealing should not be regarded purely 


as a treatment designed to achieve graphitization 
of primary carbides in cases where these are formed 
in castings. In actual fact, this treatment has a wid- 


er influence, consisting also of homogenization of 

the structure of cast iron. It is not improbable that 
it results in redistribution not only of phosphorus, 
but also of other elements capable of liquation. 


Translated internally 
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THE EFFECT OF NON-UNIFORMITY OF THE ELECTRICAL RESISTANCE OF STEEL 
ON PHASE TRANSFORMATIONS DURING ELECTRIC HEAT-TREATMENT * 
N. M. RODIGIN 
Institute of Metal Physics, Urals Branch of U.S.S.R. Academy of Sciences 
(Received 17 December 1956) 


COMPARISON OF ELECTRIC AND 
CONVENTIONAL METHODS OF HEATING 


Heating in electric heat-treatment is performed by 
the electric current passing through the part. In con- 
trast to conventional heating, in which the source 
of heat is located outside the part and the heat en- 
ergy is transferred by convection, radiation and con- 
duction, in electric heating heat is generated with- 
in the actual part itself. 

The characteristics of the transformation of elec- 
tric energy into heat energy within the metal itself, 
together with the elimination of the intermediate 
medium for the transfer of heat, permit rapid heating 
of parts, which is in fact achieved in practice. 

The high rates of heating and the generation of 
heat energy within the metal, inherent in electric 
heat-treatment, have a strong influence on phase 
transformations and constitute a fundamental charac- 
teristic of the treatment. 

Another peculiarity of electric heat-treatment is 
uneven heating of microsections of steel character- 
ized by non-uniformity of its electrical resistance, 
which can also affect phase transformations. The 
process of phase transformation is governed by the 
mechanism and kinetics of formation of the nuclea- 
ation centres, and the mechanism and kinetics of 
progress of the phase boundaries in one or another 
direction. 

During conventional heating (in flame -or elec- 
tric-resistance furnaces), the front of propagation of 
heat moves from the surface layers of the part to the 
inner layers. As the heating operation progresses, 
the temperature difference between the part and the 
surrounding medium decreases, heating becomes 
slower, and the process of phase transformations 
takes place under unfavourable energy conditions. 
In consequence of heating from the surface, the pha- 
se transformations develop in the direction from the 
outside to the centre of the part. Each consecutive 
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layer of the original phase, lying in that direction, 
passes into the gamma form only after the phase 
transformation in the preceding layer has begun or 
been completed. 

The rate of propagation of phase transformation 
across the section of the part depends on the rate 
of heat supply and the thermal conductivity of the 
metal. 

During electric heating, the generation of heat oc- 
curs simultaneously throughout the whole volume of 
the metal; thus the phenomenon of successive pha- 
se transformation in consecutive layers of the part 
is eliminated, and the effect of the thermal conduc- 
tivity of the metal on the process is considerably 
reduced. 

On the whole, ignoring some special methods of 
heating, the rate of phase transformations in elec- 
tric heating must be higher than in conventional 
heating. 


HEATING CHARACTERISTICS OF STEEL 
HAVING MICROSECTIONS WITH DIFFERENT 
PHYSICAL PROPERTIES 


The above comparison of the processes of phase 
transformation for different methods of heating is 
only correct in the first approximation, and applies 
to “macroscale” conditions. On a “microscale”, hea- 
ting of the individual microregions, having different 
physical properties, is non-uniform both during con- 
ventional heating and, in particular, during electric 
heating. 

On a “microscale”, steel represents a substance 
which is non-homogeneous not only in composition 
and structure of the crystal lattice, but also in the 
thermal conductivity and electrical resistivity. Car- 
bide, for example, has a higher electrical resistivi- . 
ty and lower thermal conductivity than ferrite. 

As a result of non-homogeneity of steel, heating 
of individual microregions is uneven. In convention- 
al heat-treatment, non-uniform heating can only be caus- 
ed by unequal thermal conductivities of microregions. 
However, in view of the slow rate of heating, temp- 
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erature becomes equalized, and consequently the 
non-homogeneity of steel has practically no influ- 
ence on the progress of phase transformations. 

In electric heat-treatment, on the other hand, the 
rates of heating may be ten, a hundred, or even a 
thousand times higher than in orthodox heating, and 
non-uniformity of the physical properties of steel 
can play an important part in the process of nuclea- 
tion and growth of the gamma phase, especially that 
now this phenomenon of non-uniform heating is due not 
only to the thermal conductivity, but also to the elec- 
trical resistivity, the latter exerting the chief influ- 
ence. 

The higher the rate of heating, the greater, of 
course, is the effect of non-uniform heating of the 
microsections having different electrical conducti- 
vities, because the time for the transfer of heat bet- 
ween the sections is less. 

Which microregions will acquire more thermal en- 
ergy when the electric current is passed through 
them — those with the lower or higher electrical re- 
sistivity ? To give a definite answer to this quest- 
ion, it is necessary to know the distribution, size 
and shape of the microregions. 

If the distribution of the microregions is such that 
the current flows through them in series, the regions 
with the higher electrical resistivity will be heated 
more intensively. In a parallel connexion, on the 
other hand, heat generation will be concentrated in 
the microregions with the lower electrical resistivi- 
ty. 

Depending on the composition and structure of 
steel, the disposition of microregions with different 
electrical resistivities may vary, and the distribut- 
ion of the heat generated may be different in each 
typical case. 


THE EFFECT OF NON-UNIFORM HEATING 
(ON A MICROSCALE) ON PHASE 
TRANSFORMATIONS 


Because of the volume effect, uneven heating of 
the individual microregions may cause local deform- 
ation and distortion of the crystal lattice. The natu- 
re of the deformation may vary. At the beginning of 
heating, while the part is at a low temperature, elas- 
tic deformation is more probable, while at the high 
temperature at the end of heating, plastic deforma- 
tion must be expected, occurring in the forms of 
shear, twinning, block formation and slip along the 
grain boundaries. At high rates of deformation (im- 
posed by a high rate of electric heating) and at a 
low temperature, shear deformation along the slip 
planes predominates, while at high temperatures, 


slip along the block and grain boundaries is prep- 
onderant. 

Apart from distortion of the crystal lattice, deform- 
ation gives rise to diffusion, consisting of a move- 
ment of the alloying element, in this case carbon, 
to the dislocation areas. This will promote the nuc- 
leation of the new, austenitic phase and the progress 
of phase transformations. 

When examining the phase transformations in 
steel during electric heating, one should consider 
Geveling’s [1] hypothesis, according to which heat 
energy becomes concentrated in the areas of maxi- 
mum current density near the carbide inclusions 
distributed within the ferritic-phase matrix, which 
creates favourable conditions for the formation of 
austenite and solution of carbides. 

In accordance with this hypothesis, it would be 
expected that, after some of it has been dissolved, 
the carbide would acquire a shape which, compared 
with the original one, would be more elongated in 
the direction of current flow. This has not been es- 
tablished in practice. Thus, for example, in the tests 
by Sadovskii, Borodina and the present author | 2) 
on commercial iron, it was found that solution of 
the cementite particles takes place concentrically 
relative to their original shape, without any relation- 
ship to the direction of the current. Similar results 
were obtained during electric heating of hypereutec- 
toid tool steel with granular cementite in the origin- 
al structure [2]. 

Supplementing the tests, a calculation was carried 
out, showing that during the actual heating process 
the amount of heat exchanged within the ferrite is 
adequate and consequently the temperature differ- 
ences in it are very small. The details of the calcu- 
lation are given in the work [3]. 

A much more important effect of non-uniform heat- 
ing is the fact that cementite as a whole heats up 
considerably less than ferrite. This can be explain- 
ed as follows. Since the mass of ferrite is large com- 
pared with a cementite particle, the extra quantity 
of heat, generated in the small zone around a cemen- 
tite particle, cannot effect a change of temperature 
of ferrite as a whole. However, the evolution of 
heat per unit volume in the cementite particle is 
much less than in ferrite (as a whole), and its temp- 
erature may become substantially lower than the 
temperature of ferrite. Ultimately, heat will be trans- 
ferred from the hotter ferrite to the cool cementite 
particle, but temperature equalization between these 
steel constituents takes place much more slowly 
than between non- uniformly heated ferrite zones, 
because of the difference between the thermal con- 
ductivities of ferrite and the cementite particle. It 
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may be mentioned that, in accordance with the 
Wiedemann — Franz law, the ratio of the thermal 
conductivities of ferrite and the carbide particle is 
the same as the ratio of their electrical conductivi- 
ties. 

To sum up, during electric heating, “cool” (as a 
whole) cementite particles are formed, surrounded by 
hotter ferrite. Such an explanation does not contra- 
dict the above-mentioned experimental data relating 
to the uniform solution of cementite particles in all 
directions, irrespective of the direction of the cur- 
rent. 

In consequence of unequal thermal expansions of 
ferrite and cementite, stresses are set up, which in 
turn cause deformation and distortion of the crystal 


lattice, and this may play an important part in the 
process of solution of cementite particles during 


electric heating. With increasing size of the cemen- 
tite particle, other conditions being equal, the spe- 
cific generation of heat remains unchanged, but the 
transfer of heat from ferrite to the cementite parti- 
cle per unit volume decreases. In this way, the tem- 
perature difference between these constituents in- 
creases. 

However, an acceleration of the process of phase 
transformation with increasing cementite globules 
is only possible for certain globule dimensions. The 
fact is that the development of phase transformations 
depends also on the extent of the phase boundaries 
in the regions in which the distortion of the cryst- 
al lattice is concentrated. With large cementite 
globules and the same steel composition, the ex- 
tent of the phase boundaries per unit volume is 
small, and this slows down the formation of nuclei 
and, consequently, the development of phase trans- 
formations. 

One further circumstance should be taken into ac- 
count. With increasing cementite globules, the en- 
velope of the austenite being formed becomes big- 
ger; this leads to reduced heat transfer from ferrite 
to cementite. 

Finally, a part is played by the usual effect of 
the reduced rate of cementite solution with increas- 
ing austenite layer between the cementite globule 
and ferrite, because of the impairment of the condi- 
tions for carbon diffusion. 

As regards hypereutectoid steel, whose structure 
consists of pearlite and isolated cementite globules, 
non-uniformity of heating on a microscale is quali- 
tatively the same as in the previous case, i.e. the 
cementite globules heat up less than pearlite. How- 
ever, there will be a smaller temperature difference 
between them, because the difference between the 
electrical resistivities of cementite and pearlite is 


less than that of cementite and ferrite. Thus the 
effect of non-uniform heating on a microscale will 
be greater in hypoeutectoid steel than in a hypereu- 
tectoid one. 

It was noted that increasing the cementite globule 
in a given steel composition decreased the extent of 
the boundaries per unit volume of the metal. If pear- 
lite, with its large quantity of boundaries between 
cementite and ferrite, is the matrix phase, the in- 
fluence of the above-mentioned factor on the acce- 
leration of phase transformations is insignificant. 

In the presence of a cementite network along the 
grain boundaries, the current will flow successively 
through cementite (with a high resistivity) and the 
matrix phase (with a low resistivity). In contrast to 
what was said above, in this case cementite will 
heat up more and the matrix phase less. 

This type of non-uniform heating of microsections 
is possible with a block structure in hypoeutectoid 
steel, if the block boundaries form a continuous 
network with a higher carbon content and, conse- 
quently, a higher electrical resistivity. 

As in the preceding cases, non-uniform heating 
of different microsections results in deformation and 
distortion of the crystal lattice or in hot working, 
which may affect the development of phase trans- 
formations. 


REDISTRIBUTION OF HEAT GENERATED 
DURING THE PROCESS OF ELECTRICAL 
HEAT-TREATMENT 


One other phenomenon, taking place during elec- 
tric heating, relates to redistribution of the cur- 
rent and heat energy in the process of heat-treat- 
ment. 

The electrical conductivity of the components 
changes with temperature, transition from the 
alpha-to the gamma-phase, and the quantity of 
dissolved carbon. With increasing temperature, the 
electrical resistivity increases as well, but not to 
the same extent in different microsections, because 
each phase has a different temperature coefficient. 
Thus, the temperature coefficient of ferrite is con- 
siderably higher than that of austenite or cementite. 

As the amount of dissolved carbon in ferrite in- 
creases, the electrical resistivity of ferrite also 
substantially increases. In the first approximation, 
the variation of the electrical resistivity of ferrite 
is proportional to the amount of dissolved carbon. 

When the body-centred cubic lattice changes in- 
to the face-centred form, the electrical resistivity 
increases. 

It is possible to comprehend the phenomenon of 
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the distribution of the electric current and heat en- 
ergy by regarding the body of metal as a complex 
electrical circuit in which, under the influence of 
the above-mentioned three factors, the electrical 
resistivity of the individual microregions changes 
non-uniformly in magnitude and in time. 

If, for example, two neighbouring microsections 
(connected in parallel) are heated by a current with 
the same density and if austenite forms in one of 
them, then, because of the change in the electrical 
resistivity, during subsequent heating the current 
density in that section will be lower than in its nei- 
ghbour which has not yet undergone the phase trans- 


formation. Such redistribution of the electric cur- 
rent should promote the progress of phase transfor- 


mations. 
The determination of the heating rates, at which 


non-uniformity of the electrical resistivity in steel 
would exert a considerable influence on phase trans- 
formations, requires special investigations. 


CONCLUSIONS 


Fundamental considerations on the effect of non- 
uniformity of the electrical resistivity within steel 
on phase transformations during electrical heat- 
treatment can be summarized as follows: 

1. The characteristic features of electric heat- 
treatment of steel consist not only of generation of 
heat within the part treated and the high rates of 
heating, but also of non-uniform evolution of heat in 
microregions with different electrical resistivities. 

In practice, the effect of this factor on phase 
transformations becomes noticeable only after rea- 
ching a certain rate of heating, which depends on 
the structure of the steel. 

2. The distribution of heat energy during electric 
heating of steel depends on the shape and disposi- 
tion of microregions with different electrical resist- 


ivities. 


3. When spheroidal carbide inclusions, having a 
high electrical resistivity, are present in steel, the 
amount of heat generated in them per unit volume 
will be less than in heating the base metal, having 
a lower electrical resistivity. 

A similar distribution of heat energy will be found 
also in other steels with analogous structural non- 
uniformity of the electrical resistivity. 

4. More heat will be evolved per unit volume in 
microregions in the form of continuous networks with 
a high electrical resistivity, than in the remaining 
metal, having a lower electrical resistivity. 

5. Non-uniform electric heating of different micro- 
regions causes deformation and distortion of the 
crystal lattice or hot working, due to volume chan- 


es. 
6. Non-uniform heating of the matrix metal near 


the carbide inclusions (Geveling’s effect) exerts a 
much smaller influence on the process of heat-trea- 
tment, than the basic effect of non-uniform heat evo- 
lution in regions of different phases. 

7. Austenite formation, resulting from a local 
change of the electrical resistance, is accompanied 
by continuous redistribution of the electric current 
and heat energy. 

8. Non-uniform heating, due to the non-uniformity 
of composition and redistribution of heat energy, 
influences the nucleation and development of the 
austenitization process. 

9. As a carbide globule increases above a certain 
size, the influence of the distortion of the crystal 
lattice or internal hot working on the development 
of nuclei may be balanced by a relative reduction 
of the extent of boundaries. 


Translated internally 
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When alloys are stressed at high temperatures, plastic deformation is often facilitated and acce- 
lerated by processes which involve the displacement of atoms. There are several examples of this: 
the acceleration of creep in quenched alloys subjected to dispersion hardening when tested at temp- 
eratures at which there is heavy separation of the hardening phase [1]; the sharp increase in the plas- 
ticity of an alloy due to “solution- precipitation” processes [2]; the anomalous increase in the rate 
of creep due to relaxation and recrystallization processes which occur as the immediate result of the 


plastic deformation when creep takes place [3]. 


This paper describes how creep at high temperatures is affected by change of structure due to 


prior deformation. 


The investigation was carried out with solid so- 
lutions of iron, nickel, chromium and cobalt with a 
variable content of cobalt. Their composition is 
given in Table 1. 

Creep was tested by bending. The investigation 
described in [6] has shown the results of creep tes- 
ting by bending to be in satisfactory agreement with 
those obtained by tension. Bending tests give a 
completely satisfactory expression of the qualita- 
tive properties of a material, but the data so obtain- 
ed are, in our opinion, to be regarded only as relat- 
ive and as not giving any conclusions as to the ab- 
solute value of the hot working. 

The solid solutions were studied in the deformed 
and annealed states, the degree of prior deformation 
being 90 per cent. 

As well as the measurement of the creep, a stu- 
dy was also made of the kinetics of relaxation (by 
measuring the width of the X-ray lines) and of re- 
crystallization of these alloys. Table 2 gives the 
results of creep tests at a few temperatures. 

At 560° and a stress of 24 kg/mm’, the rate of 
creep of previously deformed specimens (hence- 
forward to be called hardened) is less than that of 
annealed. The behaviour of the latter depends on 
the content of cobalt in the solid solution. Speci- 
mens with no cobalt and with 10 per cent cobalt, 
failed after a few seconds under these contitions. 
The rate of creep of the hardened specimens does 
not depend on the concentration of cobalt in the 
solid solution. 


The advantage of the hardened specimens is pre- 
served at high temperatures even up to 600°. At this 
temperature the hardened specimens were tested at a 


stress of 13 kg/mm’, and the annealed at 7.8 kg/mm’. 


Comparison of the rates of creep show them to be the 
same in spite of such a difference in the applied 
stress. This implies that the hardened specimens 
have a greater resistance to deformation than the an- 
nealed. Comparison of the behaviour of specimens 

of the two series in relation to the concentration of 
cobalt in solid solution, shows that there is no es- 
sential difference between them at 600°. 

The behaviour changes markedly when the temp- 
erature is raised to 650°. The data in Table 2 show 
that the rate of creep of the hardened specimens in- 
creases sharply. As an example, creep curves of a 
specimen with 10 per cent cobalt are shown in Fig. 
1, and they demonstrate that the character of the 
curve at 650° has changed. In it there is no stage at 
which the rate of creep has remained stationary. 
Therefore, in order to compare the behaviour of the 
annealed and hardened specimens, the rate of creep 
of the latter was measured for the time in which de- 
formation in annealed specimens took place at a con- 
stant rate. Accordingly, the rate of creep of speci- 
mens at 650° in Fig. 2 is marked not by a point, but 
by a line*. Fig. 2 shows that (at 650°), the higher 
the concentration of cobalt, the greater the rate of 
creep in pre-hardened specimens. 

Annealed specimens behave as usual at 650°: 
their rate of creep decreases with increased concent- 


* Fiz. metal. metalloved. 6, No. 2, 321-325, 1958. 


* Two sates, corresponding to a maximum and a minimum, 
in this part. 
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TABLE 1. Chemical composition of solid solutions 


Results of chemical analysis (wt.%) 


Fe 


difference 
> 


TABLE 2. Rate of creep, °/hr 


Quenched specimens 


Hardened specimens 


Rate of creep 


Rate of creep 


Broke 
0.014 
0.017 
0.029 


0.12 | 0,12 
0.018 | 0.015 
(0.038) | (0.043) 
0.041 | 0.032 


ration of cobalt. The rate of creep of the annealed 
specimens is considerably lower than that of the 
hardened ones at this temperature. 

A farther increase of temperature to 700° leads to 
an increased rate of creep which decreases with in- 
creasing content of cobalt. In this respect, the an- 
nealed and hardened specimens behave similarly. 
The difference in behaviour below 650° of the hard- 
ened and annealed specimens, and the anomalous 
behaviour of the hardened specimens at 650°, must 
be attributed to the differences in their structure 


and to a possible change of structure during testing. 


A study of the kinetics of the relaxation and recrys- 
tallization of these solid solutions was therefore 
required. 

Fig. 3 gives the data for the effect of temperature 
and concentration of cobalt on the time necessary 
for decreasing the width of the X-ray lines by 17- 
20 per cent (it has already been pointed out that the 
criterion of the progress of relaxation was the 
change in the breadth of the lines). 

Fig. 4 gives the data for the effect of temperature 
and concentration of cobalt on the time taken for 
crystallization to begin. Both for relaxation and for 
recrystallization, the time taken to attain a given 


stage in the process is related to the temperature as 
follows: 


exe 


where u is the energy of activation of the process, 
R is the gas constant, and A a constant. 

The materials in question show that the introduc- 
tion of cobalt into a solid solution leads to a slow- 
ing down of relaxation and recrystallization. For a 
given temperature, the time required to attain a 
given condition is increased. The activation energies 
of relaxation and recrystallization can be calculat- 
ed from the slopes of the curves in Figs. 3 and 4 
and are set in Table 3. 

The results obtained from an examination of the 
relaxation and recrystallization allow an explana- 
tion of the difference in behaviour of annealed and 
pre-hardened specimens in creep tests. 

At 560- 600°, relaxation is associated with times 
much greater than those taken in testing, and there 
appears to be practically no recrystallization. The 
hardened specimens have therefore a greater resist- 
ance to deformation than the annealed ones and are 
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No. 
of alloy Cc | Mn | Ni | Cr | Co | || 
213 0.035 0.19 41.76 14.00 0 7 
214 0.035 0.52 40.23 14.23 10 
215 0.085 0.79 40.28 14,19 20 
= kg/mm’ kg/mm | 
| 
6 560 24 Broke 0.13 24 0.12 
600 7.8 0.017 0.013 13 0.017 
1958 650 13 0.024 0.014 13 0.062 
700 13 0.041 0.027 13 0.026 


Amount of u, Cal/g. mole 
cobalt for 
in solid so- for recrystal- 
lution (%) | relaxation lization 
0 50000 54000 
10 59000 59000 
20 79000 64000 


10 
a ab c=/3kg/mm* 0° 
700° 
oy 
227 | 


UB 10 16 20.24 30 Wb 52 60 
Time, hr 


FIG. 1. Creep curves of deformed 
specimens of iron-nickel-chrome solid solution 
containing 10 per cent cobalt, 
at 600, 650 and 700°C. 


deformed at a lower rate. 

At 650°, the process of relaxation and recrystal- 
lization becomes possible. The times which are re- 
quired to attain a given state of relaxation and the 
start of recrystallization at 650° are given in Table 
4. Comparison of the time at which there sets in a 
sudden rise in the rate of creep, with the time taken 
for relaxation and the start of crystallization, shows 
that the sharp increase of the rate of creep at 650° 
agrees with the time of the start of recrystalliza- 
tion at the same temperature. These times for a solid 
solution containing 10 per cent cobalt can be cited 
as an example and are shown on the creep curves 
in Fig..1. In both cases the time is 15-18 hr. 

This fact indicates that the anomalous behaviour 
of pre-hardened specimens during testing at 650°C 
is related to the recrystallization process. 

Without going into details of the mechanism of re- 
crystallization, it can be taken that this process is 
associated with migration of atoms in the crystal 
lattice. The speeding up of the deformation is ex- 
plained by the fact that as well as the effect of the 


The effect of prior cold working on creep 


TABLE 4. 


Temperature, 650°C; 
Time required for: 


% Co in 
solution : Start of re- 
Relaxation crystalliza- 
tion (hr) 
0 3 13.5 
10 4 18 
6. 


700° 

2024 

0016 
20 Valo 


FIG. 2. The relationship between the rate of creep of 
annealed and hardened specimens with the concent - 
ration of cobalt in solid solution and temperature 
when stressed at 13 kg/mm. 


external factor, the applied stress, there is also the 
internal thermodynamic factor, the tendency of the 
system towards a state of equilibrium. Besides the 
thermal motion of the atoms, there is an additional 
driving force controlling their displacement and this 
displacement becomes a directed one as the result 
of the applied stress. An additional plastic deforma- 
tion is the result [4]. 

Fig. 2 shows that the higher the cobalt concent- 
ration, the greater the rate of creep of the hardened 
specimens in comparisor with those annealed at 
650°. The interval observed between these rates is 
also increased. 

To explain the first effect, let us look at the re- 
sults of measuring the hardness of hardened speci- 
mens tested at 650° (equivalent to annealing under 
load) and of specimens which have suffered the usual 
anneal for a time equal to the time of the test. Fig. 
5 shows that the weakening of the solid solution 
containing 20 per cent cobalt takes place to a great- 
er degree than in a solid solution without cobalt. 
This means that in a solution with cobalt, the recrys- 
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N 


700° 
103 105 106 107 108 750 | 750) 


FIG. 3. The relationship between the time required to FIG. 4. The relationship between the time required to 
decrease the width of the line by 20 per cent and the start the recrystallization of iron-nickel-chromium 
temperature and concentration of cobalt, for solid solutions and the temperature and 
iron-nickel-chromium solid solutions. concentration of cobalt. 


FIG. 5. The change in hardness of deformed specimens of solid 
solutions without cobalt (white) and with 20 per cent 
cobalt (black) after testing creep and after annealing: 

a — original after deformation, 
b — annealed 46 hr at 650° 
c — tested at 650° and 13 kg/mm for 46 hr. 


tallization process is more intense. This last fact The question of the increase in the range of the 
shows that the effect of the internal thermodynamic rates of creep of hardened specimens observed at 
factor is increased. This should give rise to an in- 650° requires further cee | ape 


One further detail should be mentioned. In the 


crease in the rate of creep. 
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case of annealing under stress, weakening takes 
place to a greater extent than in the case of anneal- 
ing for the same time as without stress. A similar 
effect is seen in aluminium pre-deformed by 15 per 
cent [5]. 

That there is no difference in behaviour in creep 
of annealed and pre-hardened specimens at 700° is 
explained by the fact that at this temperature the re- 
crystallization of all solid solutions takes place 
quickly enough to finish while being heated under 
load. At this temperature the part played by the pre- 
liminary working is of no significance; the basic 
factor controlling the difference in behaviour during 
creep is the composition of the solid solution. 


CONCLUSIONS 
1. At relatively low temperatures (below 600°C), 


the main factor controlling the behaviour of iron- 
nickel-chromium solid solutions undergoing slow 


plastic deformation, is their structure. At the relat- 
ively high temperatures,at which a structure which 
ensures an increase in strength cannot be preserved, 
the chemical composition is the main factor in de- 
termining the strength of the interatomic bonds in 
the lattice. It must therefore be borne in mind, that 
preservation of the structure to which the high 
strength at high temperatures is due, also depends 
on the strength of the inter-atomic bonds. 

2. The rate of creep of specimens hardened by 
cold working and not previously stabilized, increa- 
se sharply in the temperature region in which recrys- 
tallization takes place. Accordingly it takes longer 
to achieve a stipulated rate of creep. 

3. Under the simultaneous action of temperature 
and stress, pre-worked specimens are weakened to a 
greater extent than under the action of temperature 
alone. 


Translated by J. Agrell 
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STRUCTURE OF THE GRAINS OF DEFORMED ALUMINIUM-MAGNESIUM ALLOYS * 
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It is shown that in the grains of deformed aluminium-magnesium alloys there is a complicated 
structure consisting of large disoriented regions and slightly disoriented fine blocks. Alloying alu- 
minium with magnesium reduces the size of the blocks and increases the number and degree of dis- 
orientation of the large disoriented regions in the grains. The effect of magnesium on the substruc- 
ture is explained by the blocking of lattice distortions by magnesium atoms and by a growth of non- 


uniform stresses in grains. 


It is well known that crystals are deformed by 
slip of one part on another along definite planes 
and slip directions, if the deformation is by a pure 
shear. In general deformation is not by pure shears, 
for instance in tension, there is shear along slip 
planes plus bending of the crystals through the 
rigid fixing of the specimen in the testing machine 
grips [1]. When fairly long single crystals are 
stretched the deformation in portions far from the grips 
is by pure translations, if bending occurs only in a 
narrow zone of the specimen near the grips. How- 
ever, this only occurs in crystals oriented in a de- 
finite way and with considerable mechanical property 
anisotropy [2]. To produce pure shear in crystal 
of high symmetry, having a large number of possible 
slip systems, special methods of stressing and fix- 
ing the specimens are required [3], otherwise de- 
formation occurs by the formation of slightly disor- 
iented regions, called blocks [2, 4]. 

There is an orientational relationship between 
the crystallographic elements of slipping and block 
formation, in the initial stage of deformation. The 
blocks are portions of the lattice, enclosed between 
slip tracks and rotated through small angles around 
an axis, perpendicular to the slip direction [5]. In 
high temperature deformation the boundaries of the 
blocks are perpendicular to the slip direction [6]. 
As the deformation increases the dimensions and 
degree of disorientation of the blocks change. Any 
regular connexion between the slip direction and the 
directions of the block boundaries is to a large ex- 
tent lost. The possibility of an orientational con- 
nexion between slip direction, axis of rotation and 
block boundaries is proved by dislocation theory, 
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which indicates that the observed connexion should 
arise in a crystal in bending by a moment, causing 
rotation of the lattice around an axis lying in the 
. of, apd perpendicular to the direction of, slip 

In a polycrystalline material,deformation by pure 
shear cannot occur whatever the methods of stres- 
sing and fixing the specimens, since interactions at 
grain boundaries produce within the grains a complex, 
non-uniformly oriented stress state. Plastic deforma- 
tion of polycrystals is therefore complex. In each 
grain of the polycrystal there is shear deformation 
along planes determined by the orientation of the 
crystal with respect to the external forces. This slip 
as in a single crystal, is accompanied by twinning 
of the grains into blocks whose orientation is relat- 
ed to the prevailing slip direction. Also, since a 
grain in a polycrystal interacts with its surround- 
ings around its whole boundary, the deformation, de- 
termined by the orientation of the grain, cannot be 
the same in different parts thereof. The non-uniform 
stresses arising in the grains through their interact- 
ion with their neighbours inhibits deformation at 
grain boundaries and sometimes obstructs shear along 
slip planes even inside grains, so that deformation 
poles appear in them [2]. The non-uniform deforma- 
tion in different parts of a grain produces large dis- 
oriented regions within grains. It is known that the 
dimensions and the degree of disorientation of the 
fine blocks and the large disoriented regions in 
grains of pure metals depend on the temperature and 
deformation rate [9, 10]. In alloys,substructures 
have also been observed [11, 12]. However there is 
still not enough information about the effect of per- 
centage of alloying element on the deformation pro- 
duced by block-formation. There are only indications 
about a change in the size of the substructure 


131 
OL. 
6 
958 


Deformed aluminium-magnesium alloys 


FIG. 1. Laue X-ray patterns from specimens deformed at 0.2 per cent/sec. 
Left hand: aluminium, elongated 2 per cent, 250°C; 


Right hand: 0.01 per cent magnesium, elongated 


produced in creep testing of aluminium alloyed with 
zinc and magnesium [12] and generally, in metals 
contaminated with foreign elements [14]. 

Block formation is largely responsible for the in- 
crease in resistance to deformation of a metal dur- 
ing straining. When the deformation is by = shear, 
the strain hardening of the metal is considerably 
less than when there is shear and block-formation 
[3]. Direct experiments have also been made on the 
effect of block formation on the resistance of a met- 
al to deformation, which show that it causes con- 
siderable strain hardening [13]. It was, therefore, of 
interest to study the deformation by block-formation 
of alloys. 

We have studied the substructures in grains of a 
number of aluminium-magnesium alloys, formed dur- 
ing their deformation over wide ranges of tempera- 
ture and straining rate. 


MATERIALS AND EXPERIMENTAL 
PROCEDURE 


Alloys containing 0.00, 0.01, 0.04, 0.10, 0.30, 
and 0.92 per cent of magnesium were studied. They 
were made up from AV-000 aluminium, containing 
0.001 per cent iron, 0.0014 per cent silicon, 0.0011 
per cent copper, and traces of zinc, manganese and 
magnesium. The alloys were prepared from chemical- 
ly pure electrolytic magnesium. 

The average linear dimension of the grains in all 
the alloys so annealed was the same, 0.1 mm. The 
specimens were deformed, on a tension testing 
machine for thin specimens, at — 196, 20 and 250°C 
at 0.2 per cent/sec. Substructures were in- 


13 per cent, — 196°C. 


vestigated in grains of specimens which had been 
elongated 2 and 14 per cent. In addition, all the al- 
loys were studied after creep testing at 250°C at a 
rate of 0.004 per cent/hr and 2 per cent elongation. 
The specimens were strips, measuring 2x 1 x 50 mm. 

The substructures were investigated by taking 
Laue X-ray diagrams and by polarization microscope 
studies. 

The effect of magnesium on block-formation can 
be estimated from the magnitude and character of the 
radial diffuseness of the Laue spots, obtained in 
this work with white copper radiation, from a tube 
run at 30 kV with 10 mA, the distance from speci- 
men to film being 55 mm and the exposure 8 hr. 

The polarizational technique revealed,in a micro- 
scope,the disoriented regions in grains produced 
during deformation. The sensitivity of this method 
is low; it can reveal substructures in grains if the 
disorientation between neigbouring parts exceeds 
0.5-1° [6]. Hence the method cannot be used for a 
study of the initial stage of deformation, when the 
disorientation of blocks in grains is small. It was 
employed to study substructures formed at elongat- 
ions of 14-15 per cent. For observations on blocks 
in polarized light an oxide film was deposited on 
the surface of the deformed specimens, capable of 
rotating the plane of polarization through an angle 
which depends on the orientation of the substrate. 
The surface relief arising during deformation should 
be eliminated, prior to oxide film deposition, by elec- 
trolytic polishing in an electrolyte consisting of 
38 per cent sulphuric acid, 43 per cent orthophos- 
phoric acid and 19 per cent water, at a current den- 
sity of [-3 A/cm? and at 90-95°C. The polishing is 
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FIG. 2. Laue X-ray patterns, from specimens deformed 2 per cent at 250°C at 4x 10™ per cent/hr. 
Left hand: aluminium; 
Right hand: 0.3 per cent magnesium. 


carried on for a short time and repeatedly, with sub- 
sequent washing in water. Prolonged polishing over- 
heats the surface and damages it. After the polish- 
ing there is on the surface a thin invisible film, 
which must be removed, because it would interfere 
with the deposition of the oxide film sensitive to the 
orientation of the substrate. The specimen is there- 
fore immersed at 100°C in a mixture of 35 ml of or- 
thophosphoric acid (85 per cent) + 20 g of chromic 
anhydride in 11. of water. The washed and 
dried specimen is subjected to anodic oxidation in 
an electrolyte consisting of 49 per cent distilled 
water, alcohol (any) and 2 per cent of hydrofluoric 
acid. The oxidation is carried on for 2 min at 30 V, 
room temperature. 

The surface thus treated is examined under pola- 
rized light with crossed nicols. Grains and portions 
of grains having different orientations, thanks to the 
oxide film on the surface, illuminate the crossed- 
nicols field differently. If a plate for a definite 
wavelength is interposed in the path of the polariz- 
ed ray, the differently-oriented grains become dif- 
ferently coloured. However in our experiments, even 
without colour the picture is of sufficient contrast 
so that the photographs shown here are those obtain- 
ed simply in polarized light without colouring. 


RESULTS 


The X-ray study showed that disoriented areas 
are formed in aluminium-magnesium alloy grains 
during deformation. This follows from the fact that 
the spots on the Laue diagrams from alloys of all 
the compositions studied, deformed at 0.2 per cent 


per sec, and at all the temperatures employed, 
have radial diffusenesses approximately the same 
in the various stages of deformation. At 2 per cent 
elongation (Fig. 1a) the reflections are still not 
merged in the continuous blackening, hence the tot- 
al angular disorientation in grains can be estimated 
from the spots obtained from the individual crystal 
faces. The total disorientation in a grain, determin- 
ed from the most diffuse spot on the X-ray diagrams 
for 2 per cent elongated specimens is 2°. At 15 per 
cent elongation there are no individual reflections 
from the different faces. The diffraction maxima are 
continuous blackening regions (Fig. 1b), symmetric- 
ally placed and with considerable radial extension. 
This indicates that at 15 per cent elongation the 
grains of alloys have broken down into a large num- 
ber of small (about 10~ cm) slightly-disoriented 
blocks. This twinning into blocks and their rotation 
is due to the non-uniform stress state arising in the 
grains during deformation, through their interaction 
through grain boundaries. As a result of the rota- 
tions of blocks and grains, a texture develops in the 
polycrystal. 

The diffraction maxima obtained from specimens 
deformed at 250°C at a rate of about 10~ per cent/ 
hr are somewhat different. At 2 per cent elongation 
the radial diffuseness of the spots is small, not ex- 
ceeding 0.5- 1°. Also, in pure aluminium and in its 
alloys with less than 0.1 per cent magnesium, as- 
terism is discontinuous. Thus from aluminium the 
interference maxima consist of 2-3 small spots, se- 
parated from one another in the radial direction by 
10-20’ (Fig. 2a). As the magnesium content in the 
alloy increases the distance between these spotlets 
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FIG. 3. Blocks revealed by the polarization technique in specimens deformed at 
0.2 per cent/sec. 
a — 0.01 per cent magnesium, 13 per cent elongated; — 196°C 
b — 0.01 per cent magnesium, elongated 15 per cent, 18°C; 
c — 0.92 per cent magnesium, elongated 14 per cent; 18°C; 
d — aluminium, elongated 14 per cent, 250°C. 


decreases, and from 0.1 per cent magnesium onwards 
they merge into the continuous radially diffuse max- 
ima (Fig. 2b). This merging evidently occurs because 
of the smallness of the size and degree of dis- 
orientation of neighbouring blocks. Under the con- 
ditions of normal Laue X -ray technique, reflections 
from them cannot be resolved into individual spots. 
For the same reason the radial diffuseness of Laue 
spots is continuous on diagramsobtained from spe- 
cimens deformed at high rates (0.2 per cent/sec). 
To resolve reflections from such small blocks a 
special focussing X-ray technique is required [14]. 
The low diffnseness of the spots, obtained from 
specimens strained at low rates at 250°C, is becau- 
se the non-uniform stresses in the grains are then 
much smaller through stress relief at grain bounda- 
ries. In pure aluminium, and aluminium containing 
only a little of another element, the dimensions of 


the blocks are larger than in alloys with higher 
amounts of alloying element. It is possible that,in 
aluminium, blocks grow during stretching through 
{merging of] neighbours. This has been repeatedly 
observed in creep studies [4, 13]. 

Disoriented regions were also found in grains of 
deformed alloys by the polarization technique. The 
individual grains when examined through crossed 
nicols or in polarized light are differently illuminat- 
ed in different parts. These regions can be classed 
in two types, on the basis of the character of the 
disorientation. In one the orientation gradually 
changes from point to point of the grain, in the other 
there are large disoriented regions, divided by clear 
boundaries. Intermediate cases of disorientation 
are also encountered. As the test temperature and the 
percentage of magnesium in the alloy change, the 
character and the degree of disorientation in the 
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FIG. 4. Serrated grain boundary; grain broken down into blocks. 
Aluminium, elongated 14 per cent, 250°C, straining rate 
0.2 per cent/sec. 


grains change. 

In alloys deformed at liquid nitrogen temperature 
the orientation changes smoothly in most grains. 
However in isolated grains there are regions whose 
orientation differs sharply from that of their sur- 
roundings, Fig. 3 a. In pure aluminium there are 
very few of such grains. As the content of magnes- 


ium increases, their number increases. 

The degree of disorientation of regions with 
smoothly varying orientation also increases as the 
magnesium content increases. This effect can arise 
if magnesium increases the non-uniform stresses in 
the grains. We arrived at the same conclusion at an 
earlier date, in a study of the effect of magnesium 
on the distribution of shear deformation in grains 
[16], since the number of deformation bands in al- 
loys stretched at — 196°C increases with the magne- 
sium content. The fine disoriented blocks are so 
small that their formation at low deformation temp- 
eratures can be judged only from the existence of 
regions with smoothly varying orientations. It is not 
possible with the polarization technique to deter- 
mine the size of blocks, nor its change with the mag- 
nesium content, in alloys deformed at low tempera- 
ture. 

The disorientation in grains of alloys deformed 
at room temperature is like that arising at low tem- 
peratures of deformation. The only difference is 
that in grains of aluminium containing from 0 to 0.1 
per cent magnesium there are no regions of sharply 
differing orientation. In regions of smoothly-varying 
orientation in these alloys discontinuous blacken- 
ing can be observed, Fig. 3 b, indicating that these 


regions consist of slightly-disoriented blocks whose 
dimensions are of the same order as the distance 
between slip tracks. This difference disappears as 
the magnesium content increases. For example, in 
alloy containing 0.92 per cent of magnesium there 
are disoriented regions in practically all grains. The 
fine blocks are not discernible, any more than they 
are after low-temperature deformation. Fig. 3 c. Thus 
from the room temperature experiments it can be con- 
cluded that magnesium not merely increases the 
non-uniform stresses in grains, but also refines 
blocks. 

In alloys deformed at 250°C, there is smoothly va- 
rying disorientation in grains only at magnesium con- 
tents above 0.3 per cent. Below this and in pure al- 
uminium the grains break down into coarse blocks 
with fairly sharp boundaries. The blocks are extend- 
ed or polyhedric, Fig. 3 d. The dimensions of the 
blocks decrease as the magnesium content increases. 
The transverse dimension of the blocks is close to 
the distance between the rough curvilinear slip tracks 
arising in grains deformed at 250°C [10]. The boun- 
daries of grains broken down into blocks are often 
serrated, see Fig. 4. It is difficult to decide whether 
these coarse blocks are formed in the initial stages 
of deformation, or whether they grow during strain- 
ing. The latter is more probable, since the breaks ob- 
served at grain boundaries do not always coincide 
with block boundaries, and are frequently finer than 
them. Growth of blocks under load has been observ- 
ed [4, 10] in the flow of various metals. 

The absence of a smooth change in orientation in 
grains with a low magnesium content indicates the 
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non-uniform stresses to be low in grains deformed 
at 250°C. Under these conditions deformations occur 
to a large extent at grain boundaries [16], so that 
the non-uniform stresses in the grains of aluminium 
and its alloys,containing small amounts of alloying 
elements, are lower. 


SUMMARY 


It has been established that alloying aluminium 
with magnesium changes the substructure in grains 
arising in deformation. At all the temperatures and 
straining rates studied, as the magnesium content 
increases there is a decrease in the size of blocks 
formed between slip tracks. There is also an increa- 
se in the quantity and the degree of disorientation 
of the large disoriented regions in grains. The de- 
crease in the block size as the magnesium content 
increases is most obvious at high temperatures of 
deformation. The change in number and degree of 
disorientation of the large disoriented regions is 
easily observed at all temperatures. 

Blocks are refined for two reasons. In the first 
place there is a decrease in the distance between 
slip tracks, that is in the width of the regiou :n 
which blocks are formed. Secondly, there is probably 
a lowering of the mobility of lattice distortions, for- 
ming the boundaries of blocks, perhaps by the ap- 
pearance of magnesium atoms in these distortions. 

The formation of large disoriented regions in 
grains in deformation is a consequence of the action 
of non-uniform stresses, arising in the grains be- 
cause of their mutual interactions. The increase in 
the number and degree of disorientation of such re- 


the content increases,indicates 
at the non-uniform stresses in grains are increas- 


ed. This increase is probable, because magnesium 
increases the hardness of aluminium [15]. It is also 
known that as the magnesium content increases the 
grain boundaries are more strengthened (hardened) 
that the grains themselves [16]. This decreases 
stress relief at the boundaries and intensifies in- 
teractions between grains. 

Block refinement and growth of non-uniform stres- 
ses in grains as the magnesium content increases 
should be largely responsible for the high strength 
coefficient of aluminium-magnesium alloys. Qualita- 
tively, magnesium causes the same changes in the 
deformational substructure of aluminium, as does a 
reduction of the deformation temperature [10]. 


Translated by R.C. Murray 
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STUDY OF THE FINE STRUCTURE OF SOLID SOLUTIONS OF ALUMINIUM WITH 
MAGNESIUM AND OF NICKEL WITH COPPER * 


N.I. NOSKOVA and V.A. PAVLOV 
Institute of Metal Physics, Urals Branch of the U.S.S.R. Academy of Sciences 


The most important matter in the physics of solids 
is the problem of the strength of metals andalloys, 
which is determined by their fine structure. By the 
elements of fine structure we understand, in parti- 
cular, the mosaic structure of crystals, static and 
dynamic distortions of the lattice caused by a chan- 
ge in interatomic bond forces. 

It is known that the fine structure is very consi- 
derably affected by alloying, heat treatment and de- 
formation. A hypothetical estimate can be made of 
the fine structural elements — static and dynamic 
distortions — by determining the elastic constants 
of solid solutions and with a knowledge of the ra- 
dius ratio of the atoms of the solvent and solute 
elements. 

From published measurements of the elastic mo- 
dulus of solid solutions of aluminium with magnesi- 
um and of nickel with copper [1, 2] it can be deduc- 
ed that over a wide temperature range the interato- 
mic bond forces in aluminium/magnesium solid solu- 
tions are independent of the solute concentration in 
the a solid solution: in nickel/copper solid solutions 
these forces do depend on the copper content. Hence 
dynamic distortions may be expected in nickel/cop- 


per, but not in aluminium/magnesium, solid solu- 
tions. The latter should, however, contain static dis- 


tortions, since the atomic radius of magnesium is 
12 per cent greater than that of aluminium; none 
should be present in nickel/copper solid solutions, 
because their atomic radii differ only by 2.3 per 
cent. 

A study of the presence of second-order distort- 
ions in aluminium/magnesium and nickel/copper 
solid solutions should throw light on the degree of 
strain hardening and the rate of relaxation proces- 
ses in these solutions, since such distortions are 
characteristic of the deformed state of solid solut- 
ions. A comparison of the magnitude of second ord- 
er distortions with fine structural characteristics 
gives information about the effect of the latter on 
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strain hardening and relaxation. The solid solutions 
studied have, as was supposed, different fine struc- 
tures (the aluminium/magnesium alloys contain no 
dynamic distortions) and this is particularly conve- 
nient for a study of the effect of distortions on plas- 
tic deformation. 

In addition the anomalies in certain properties 
(electrical resistivity, hardness) in nickel /copper 
and other solid solutions of the transition metals [3], 
after heat treatment and deformation, are in all pro- 
bability due to fine structural features. 

We have measured static and dynamic distortions, 
studied mosaic structures and deformed states, mea- 
sured second-order distortions and have determined 
the temperature dependence of “static” distortions 
in nickel/copper solid solutions. 


MATERIAL AND METHOD OF MEASUREMENT 


We studied (1) pure aluminium AV000, the contents 
of whose main impurities were iron 0.0017 per cent, 
silicon 0.0011 per cent, magnesium 0.01 per cent; 
aluminium-0.12 and 1.04 per cent magnesium alloys; 
(2) pure nickel obtained by vacuum fusion, and alloys 
of nickel with 10, 20, 40 and 60 per cent copper, al- 
so vacuum melted. 

To determine the distortions introduced by atoms 
of the second component the method described in 
[4, 5] was used. The size of the unit blocks and the 
magnitude of the second order distortions were de- 
termined by the method proposed by Lysak [6]. 

Specimens for measurements of static and dynamic 
distortions were prepared thus. Sieved filings were 
vacuum annealed under conditions calculated to eli- 
minate the effect of extinction (see Table 1). The an- 
nealed powder was stuck onto an 0,3 mm diameter 
copper wire. The specimen had a diameter of 1.00 + 
0.02 mm. 

The characteristic temperatures of pure metals and 
solid solutions were determined by indexing the X - 
ray diagrams obtained from the specimens at liquid 
nitrogen and room temperatures, and at 200°C. An 
RKD camera was employed. For operations at liquid 
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TABLE 1. 


Annealing 
Specimen | temperature 
0 


Al 
Al+0,12% Mg 
Al+1,04% Mg 
Ni 


Ni+10% Cu 
Ni+20% Cu 
Ni+40% Cu 
Ni+60% Cu 


FIG. 1. Dependence of the relative change in crystal 
lattice parameter of aluminium-magnesium solid sol- 


utions on the magnesium content after filing in liq- 
uid nitrogen. 


nitrogen temperature and 200°C a device was fitted 
in the camera which enabled liquid nitrogen or a fur- 
nace to be brought up to the end face of the speci- 
men. The temperature in the first case was — 180°C, 
in the second + 200°C. 

To determine second order distortions and unit 
block size unannealed filings were used. The nick- 
el-base specimens were filed, and X-ray records 
made from the filings, at room temperature. Powder 
was produced from aluminium and its alloys with 
magnesium by filing at liquid nitrogen temperature, 
since second order distortions can be eliminated 
during filing at room temperature, and on the X -ray 
diagrams there is no diffuseness of the lines for 
high order reflections. 

For determinations of second order distortions in 
aluminium, copper Ka radiation was used. All the 
other measurements were made with molybdenum 
Ka radiation. In operations with nickel specimens 
0.2 mm thick aluminium and zirconium filters were 
employed. 

Calculations were made for aluminium and its 


10 20 30 SO b0%lu 


FIG. 2. Dependence of relative change in lattice 
parameter for nickel-copper solid solutions 
on the copper content after filing at 
room temperature. 


alloys on lines with a difference of 20 in the squares 
of their indices, the corresponding figure for nickel 
and its alloys in the determination of second order 
distortions being 24, and in the determination of 
characteristic temperatures, 68. All lines were pho- 
tometered at least thrice. The error in the character- 
istic temperatures thus determined was 3 per cent of 
the measured value. 


RESULTS AND THEIR DISCUSSION 


Calculations from the X-ray diagrams gave the 
following results. The variations of the second or- 
der distortions in aluminium and its alloys with mag- 
nesium, nickel and its alloys with copper, with the 
content of the second component are shown in Figs. 
1 and 2. It will be seen that the relative deformation 
of the lattice parameter increases with the content 
of the second component in both solid solutions and 
reaches a limiting value in the nickel-copper alloys 
at 40-60 per cent copper. Note that there are no dis- 
tortions in pure aluminium; evidently in this the rate 


138 
| 
250 
300 
360 
600 
650 
700 
700 
da Aa 
ry a 
a VOL 
as j 195) 


Fine structure of solid solutions 


TABLE 2. 


Specimen 


Elastic 


2nd-order Unit 
stresses block size 


kg/mm’ 10% cm 


Al+ 
1 M 


Ni+10% Cu 
Ni+20% Cu 
Ni+40% Cu 


0 
7.0 


12, 
16, 
17. 
19, 


of relaxation is so great that during the preparation 
of the specimens and recording of the diagrams (a 
time which generally did not exceed one hour) all 


distortions were relieved. 
Information about strain hardening can be deduced 


from the magnitudes of the second order distortions, 

calculated on the assumption that in deformed speci- 
mens there is a simple linear stress state (Table 2) 

and with the usual equation P = E A d/d where E is 
the modulus of elasticity, and A d/d the relative de- 
formation of the crystal lattice. 

From Table 2 it will be seen that addition of a 
second component increases the second order dis- 
tortions but scarcely affects the unit block size (al- 
loying somewhat decreases this). The increase in 
second-order distortions in solid solutions may be 
explained by inhibition of relaxation due to the pres- 
ence of static and dynamic distortions in the crystal 
lattice, caused by the atoms of the second compon- 
ent. The magnitudes of these distortions, and of the 
characteristic temperatures, are shown in Table 3, 
from which it will be seen that the static distortions 
increase with the concentration of the second compo- 
nent in the same way as do the second-order distor- 
tions. The absolute value of these distortions in the 
aluminium-magnesium alloys is, as expected, high, 
and independent of temperature between — 180 and 
+ 200°C. 

The static distortions in nickel/copper alloys at 
room temperature are high and reach a limiting value 
at 40-60 per cent copper, like the second order dis- 
tortions; Iveronova found the same pattern of varia- 
tion [7]. The difference in numerical values of the 
static distortions is due in the first place to the use 
of copper K a radiation by Iveronova, and secondly 
to the fact that she did not find any dynamic distor- 
tions. 

Iveronova explains the high value of these static 


distortions in copper-nickel alloys by the appear- 
ance of a chemical interaction force due to greatly 
differing bond energies W4 4 and W4p [7]. It can be 
said that in the nickel-copper solid solution static 
distortions are intensified by the non-uniform distri- 
bution of copper atoms, right up to the formation of 
local heterogeneities (segregations), the extent of 
which depends on temperature. That the static dis- 
tortions in nickel-copper alloys are of a special cha- 
racter is confirmed by their variation with tempera- 
ture. Fig. 3 shows this dependence for solid solu - 
tions of nickel with 10, 20, and 40 per cent of cop- 
per. Note that the distortions in the 10 and 20 per 
cent copper alloys are vanishingly small even at 
200°C. 

The results obtained by Thomas [3], indicating a 
special (“K”) state in solid solutions of nickel with 
20-60 per cent of copper at room temperature, also 
point to irregularity in the distribution of the atoms 
of the second component. According to Thomas, de- 
formation at room temperature can increase the de- 
gree of non-uniformity, whereas at elevated tempera- 
tures (in our case 200°C) it reduces it. 

The static distortions were found to be greatly in- 
creased in the deformed state: in nickel with 10 per 
cent copper the distortion was 0.04 A, in nickel with 
20 per cent copper it was 0.14 A, and in nickel with 
40 per cent copper, 0.18 A. 

Table 3 present dynamic distortions, which we 
found in nickel containing 20-60 per cent of copper, 
but not in any of the other alloys, nor in the alumi- 
nium-magnesium alloys, in the deformed state. In 
solid solutions of nickel with copper after deforma- 
tion at room temperature preliminary information in- 
dicates that the dynamic stresses are somewhat re- 
duced. 

SUMMARY 


1. In the solid solutions studied second order 
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TABLE 3. 


Static Dynamic 
distortion | distortion | Charateristic 
Specimen temperature 

°K 


V 2,4 


Al 
Al+1,04% Mg : 
Ni 


Ni+10% Cu 
Ni+20% Cu 0 
Ni+40% Cu 0 
Ni + 60% Cu .06 


FIG. 3. Temperature dependence of the static distortion in solid solutions: 
1 = Al + 1.04% Mg; 
2= Ni + 10% Cu; 
3 = Ni+ 20% Cu; 
4 = Ni+ 40% Cu. 


distortions increase with the content of the second tic deformation and relaxation. 
component, but the unit block size in the (90 per 
cent) deformed state varies little with the alloying Translated by R.C. Murray 


content. 
2. The possible cause of the strain hardening of 


aluminium-magnesium solid solutions is the presen- 


ce of large static distortions due to atoms of the se- 
cond component. . V.A. Pavlov, I.D. Fedotov and N.F. Kryuchkov, 


3. In nickel-copper solid solutions, in spite of the Fiz. metal. metalloved., 3, No. 3, 555 (1956). 
presence of dynamic distortions (the characteristic . W. Koster, Z. Metallk., 39, 1 (1948). 
temperature decreases with increase in the alloying . H. Thomas, Z. f. Phys., 129, No. 2, 219 (1951). 
element content) strain hardening is observed. This . V.A. Il’ina, V.K. Kritskaia, G.V. Kurdiumov and 
may be explained by the formation of microscopic L.I. Lysak, /zv. Akad. Nauk SSSR, ser. fiz., 
heterogeneities in the alloys, which obstruct plas- 17, No. 3, 297,(1953). 
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FORCED VIBRATIONS IN AN ELASTIC-PLASTIC SYSTEM* 
G.Z. GERSHUNI and E.M. ZHUKHOVITSKII 
Pedagogic Institute, Perm State University 


(Received 7 June 1956) 


Forced vibrations beyond the elastic limit in an elastic-plastic system with hysteresis and fric- 
tion have been studied. The resonance en of the system are discussed. A comparison is ma- 


de with the experimental results in [1,2 


Takahashi [1] studied the forced bending vibrat- 
ions of a zinc single crystal rod beyond the elas - 
tic limit. Similar studies have been made by Korn- 
feld and Drobinina [2] on rods of polycrystalline 
aluminium. In both investigations it was establish- 
ed that (1) the resonance curves are asymmetric, the 
low-frequency branch being steeper; (2) as the vib- 
ration amplitude increases, the resonance frequency 
decreases; and (3) that there is a non-linear relat- 
ion between the amplitudes of the vibration and of 
the force causing vibration. 

Below it is shown that these features are charac- 
teristic of forced vibrations beyond the elastic li- 
mit in systems with elastic-plastic properties. 

1. We will examine a vibrational system, consist- 
ing of a material point connected with the equilibri- 
um position by an elastic-plastic force. The depend- 
ence of the force on the displacement from the equi- 
librium system is shown in Fig. 1. As x increases, 
from zero to a value x, corresponding to the elas- 
tic limit, the force F increases proportionately to 
the displacement from zero to F,, = k, xm (K, = elas- 
tic modulus) and up to the elastic limit the deforma- 
tion is reversible. As the displacement increases 
beyond the elastic limit the force still increases 
proportionately to the displacement, but with another 
modulus &, (the strength coefficient) which is always 
less than the elastic modulus and, in particular, can 
be zero. Beyond the eleastic limit (in the plastic 
zone) the deformation is irreversible: the lessubee- 
ce of the force on the displacement when the latter 
decreases from any value x > xm is a straight line 
with a slope of k,. Thus at F = 0, x = A, the residu- 
al displacement. When in further decrease of the dis- 
placement the force reaches a value — F, once again 
a plastic zone is entered. The further course of the 
dependence of force on displacement will be clear 


from the diagram (the cycle will be closed if, as 
with vibrations, the final state coincides with the 
original one).* The total displacement from the equi- 
librium position beyond the elastic limit is x, + 
A’+ A, where A’ is the elastic (reversible) part of 
the displacement in the plastic range; obviously: 


(1) 
where a = k,/k,. 


Let us write the equation of motion of a material 
point of mass m under the action of a harmonic force 


G sin (wt + d), an elastic-plastic force and friction, 
proportional to the speed: 


mx +x+F(x)=Gsin(ot+9) 


(A = coefficient of friction). The force F (x) on the 
four parts indicated in Fig. 1, is 


=X, = Fa t+ (x—Xm)s 
Fy = (x—A), (3) 


Fy =—Fat + Xm—A)- 


For convenience we will go over to dimensionless 
variables, taking x, as our unit of displacement, 
and 1/a, as our unit of time, where wo = (k,/m)%, 
the natural frequency corresponding to the elastic 
range. Keeping the original notation for the dimens- 
ionless displacement and time, we obtain 


x + $x +f(a) = gsin(pt +). (4) 


* Fiz. metal. metalloved., 6, No. 2, 339-346, 1958 


* For simplicity we assume that the non-linear character- 
(continued on the next page) 
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is the dimensionless force, which in the various 
zones is: 


fr=% fy, mi te(z—)), | 
—6, fiw =—1+a(x+1—84), 


2. The problem consists in finding a periodic so- 
lution with a period of the external force of 2r/p. 
Let us arrange that at ¢ = 0 the displacement is equ- 
al to its extreme left value x (0) = — (1 + 54} where 
5’=A’/xm, and let us separate 2n/p into four sec- 
tions corresponding to the four zones in the force 
cycle. On each of these zones the force f(x) is a li- 
near function of the displacement, hence an accurate 


solution can be found for the non-linear equation 
(4), by formulating the general solutions for each of 
the parts and then determining the integration cons- 
tants from the conditions, due to periodicity and 
continuity of x (t) and x(t), at the boundaries of the 
zones, namely: 


0: x, =—(1 +2’), x, =0; 
t2 Xp =X, =1, x = 


= 1 8, xy = =; 


+t: = xv=— 1 + 8, Anny = XIv; 


Xy =—(1 +8), x, =0 (6) 


(here we denote by 7 the duration of motion in each 
of the elastic zones). However, this method of sol- 
ving the problem leads to very combersome equations. 
Since in the sequel we shall be interested not in the 
form of the vibrations, but only in their amplitude, 

we shall use Galerkin’s method for an approximate 
solution of the problem, which has already been 


(continued from previous page) 

istic of the system consists of a series of straight line. 
Actually there will always be a more or less smooth trans- 
sition from the elastic to the plastic range. 
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L 


successfully used [3, 4] for a study of forced vibra- 
tions in systems with non-linear characteristics. 

We call the amplitude a of the forced vibrations 
half the distance between the positions of greatest 
displacement, i.e. in x, units, 


a=|]+8’+ 
2 
or in view of equation (1) 


l+a 8 
a=1+—*-—. (8) 


It is easy to see that the periodicity of the func- 
tion 


(t) =~ (9) 


satisfies all the conditions in equation (6) if we 
specify that x (r) = 1 


— —acos pt = 1. 


We take x (¢) as an approximate solution of equa- 
tion (4). The best approximation, in the Galerkin 
sense, is obtained by subjecting x (t) to the require- 
ments that (cf [5)): 


xat =0, 
0 


L(x) =x + Ax + f(x)—gsin(pt + 9). (13) 


From equations (10)-(12) the three quantities a, r 
and ¢ can be found, as functions of the amplitude 
and frequency of the external force and the paramet- 
ers of the system. 

By inserting x (¢) into equations (11) and (12), 
integrating and using equation (8) and simple trans- 
formations we obtain from equations (10), (11) and 
(12) 


28p + (1 — 2) (pt - cos pt — sin pt) + (14) 
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7 — 2g cosh 
+ am cos pr + = 0, 
a 


np? + (1 — a) (sin pr . cos pr — pr) — 


mg sind (15) 
— 
a 


a(l1—a)—2 


c = 
OS pt eas) 


(16) 


3. Let us first examine forced vibrations in a sys- 
tem without viscous friction. With 8 = 0 and elimi- 
nating ¢ from equations (14) and (15) we obtain the 
following equation for the amplitude curve 


p¥=a—— (1 —2)(sinpt CCS pt — pr) + 


a(l1—2)—2 


ai+a (18) 


pt= cos 


The plus and minus signs in equation (17) corres- 
pond to the high and low frequency parts of the amp- 
plitude curve respectively. 

Figs. 2 and 3 show the amplitude curves for a = 0 
and a = 0.5 for some values of the amplitude g of the 
external force. (For a < 1 the curves are plotted from 
the equation for the theory of linear vibrations, a= 
g/ | 1 —p?|). The form of the curves indicates con- 
siderable absorption due to plastic hysteresis. The 
asymmetry of the curves increases as a decreases, 
i.e. as the strength coefficient decreases. 

The peak of the resonance curve can be determin- 
ed from the condition of the expression under the root 
sign in equation (17) becoming zero. Hence we find 
two expressions for determining the frequency p and 


a 


[a (1 —a) (pt. cos pt—sinpt)+aacospt+]?, (17) 


the resonance amplitude ax. 


p? (1s) (COS Pt, - SiN Pt, — (19) 


2g = + pt, +a, 
(20) 
(1 —2) (pt, - cos pt, —sin pt,), 


where 


a,(1—2)—2 : (21) 
(1 + 2) 


pt, = cos" 


Equation (19) shows the dependence of the reson- 
ance frequency on the resonance amplitude. When 


a, =] Pe = 1. as a, oo, Px 


continuously decreases towards: 


pi =o——(1—a) 
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FIG. 5. 


In the limiting case 


a= 0px > 0 as ax + 


_Fig. 4 shows the dependences of ps on a» for 
a= 0 and 0.5. 

Equation (20) defines the relation between the re- 
sonance amplitude as and the amplitude of the ex- 
ternal force g. Fig. 5 shows the variation of as with 
g for two values of a. It will be seen that ax increa- 
ses non-linearly with g. 

From equation (20) it can be seen that at a = 0 as 
increases to infinity when g + % 7. When g > 47m the 
amplitude curves have no peaks; as the frequency 
increases the amplitude continuously falls from in- 
finity to zero. The special feature of the a = 0 case 
is that the zones II and IV in Fig. 1 are horizontal, 
that is the system cannot, in equilibrium, be under 
the action of a static force greater than F,,. Under 
dynamic conditions the critical condition is g = % 7, 
since g > 47m means that the average modulus of the 
external force during the period is greater than F,,. 
When a is not zero, the amplitude curves have peaks 
for all values of g. 

Hence the theory gives an explanation of the ex- 
perimental findings reported in [1, 2] and summariz- 
ed in the introduction. 

4. The effect of viscous friction can be elucidated 
from an examination of one special case. Fig. 6 
shows a plot, with the aid of equations (14), (15), 
and (16), of the resonance curves for a = 0 and for 
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FIG. 6. 


some values of the coefficient of friction B for g =1. 
Note that in contrast to what happens with forced 
vibrations in a linear elastic system, in vibrations 
beyond the elastic limit the resonance frequency in- 
creases as friction increases. This is quite under- 
standable: as friction increases (with the amplitude 
of the external force constant) the “scatter” in the 
displacement beyond the elastic limit decreases and, 
consequently, plastic effects are partially relieved. 

5. In conclusions let us examine the limiting case 
of forced vibrations in a system whose force-displa- 
cement relationship is as shown in Fig. 7. (This sys- 
tem can be called purely plastic). From equations 
(14), (15), and (16) for this case we obtain, revert- 
ing to dimensioned quantities: 


—Gcose=0, (23) 


mw*A —G sing =0. (24) 


Here A = % A = the dimensioned amplitude. Elimin- 
ating ¢ from equations (23) and (24) we obtain for 
the amplitude curve 


++ 


(25) 


FIG. 7. 


G? 


(The sign before the root is chosen so that A shall 
be positive). Here y = A*/mw., From this equation we 
see that the condition for periodic motion at all fre- 
quencies (the condition that A shall be real) is: 


Pm (26) 


that is the amplitude of the external force should be 


greater than the critical value 47F,. 
In the case in point it is not difficult to obtain an 


accurate solution of the problem, by using the exact 
method as indicated in section 2. For the amplitude 
curve we obtain: 


The reality of A at all values of w, as in the case 
of the approximate solution, is ensured by equa- 
tion (26). 

Let us compare the amplitude curves, obtained 
from the accurate and the approximate solutions. In 
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the absence of friction (y = 0) the accurate and the The results in this section make it possible to 
estimate the accuracy of the approximate method 


used. 
The authors thank Prof. Kornfel’d for discussion 


Pee oe gy of their results, and for having suggested the 


F2 4 (28) problem. 


approximate amplitude curves coincide: 


Translated by R.C. Murray 


If friction is large (y > 1) we find from equation 
(25) 
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EFFECT OF THE NATURE OF THE INTERACTION OF ALUMINIUM, NITROGEN, BORON 
AND TITANIUM ON SOME PROPERTIES OF STEEL* 
L.L. PYATAKOVA and Ya. E. GOL’DSHTEIN 
Chelyabinsk Tractor Factory and Chelyabinsk Institute Polytechnic 
(Received 28 November 1956) 


The effect of the order of introduction of nitrogen and boron into liquid steel on the nature of their 
interaction, and therefore on the properties of boron-containing steels, has been studied. The range of 
contents over which titanium is useful in such steels has been determined. 


INTRODUCTION 


In recent years increasing attention has been 
paid to atomic interactions of individual elements 
in liquid steel and cast iron. Considerable work has 
been done in this direction by Chipman [1, 2], Tur- 
dogan [3, 4] Richardson [5], Samarin [5, 7], Gold- 
man [8] and others, which makes it possible to es- 
timate in a new way the effectiveness of various el- 
ements on the progress of desulphurizing and deoxi- 
dizing iron-carbon alloys. 

On the other hand Arkharov, extending an idea 
due to Gibbs, showed the enormous importance of 
atomic interactions in condensed systems, the ef- 
fect of small additions of various elements, adsorb- 
ed between grains or on the surface of newly formed 
phases on diffusion [9, 10], ageing [10, 11], the 
causes of temper brittleness, [12], on hardenability 
[13], austenite grain growth in heating and the me- 
chanism of formation of stony fracture [9]. 

The importance and mechanism of atomic interac- 
tions in the inoculation and “microalloying” (need- 
ling) of cast iron and steel are also matters of con- 
siderable theoretical and practical significance. 

We have aimed at establishing, to a first approxi- 
mation, the nature of the interaction in steel of bor- 
on, nitrogen, and aluminium and the effect of these 
interaction on the properties of medium carbon 


steel. 


EXPERIMENTAL 


Two main and one control group of ingots were 
cast for the study. The metal was melted in an acid- 
lined electric furnace of 50 kg (110 lb) capacity, 


* Fiz. metal. metalloved., 6, No. 2, 347-353, 1958. 


and deoxidized with aluminium before tapping. Each 
group of ingots was cast by the fractional method. 

Nitrogen was introduced into the liquid steel as 
chemically pure sodium cyanide, packed in a tightly 
screwed up iron capsule. 

Boron was introduced into the metal for the first 
group of ingots after the introduction of nitrogéit 
Ingots of the second group were cast from metal bo 
which nitrogen (NaCN) was added after final deoxi> 
dation and introduction of boron into it. Boron was 
introduced as 6 per cent ferroboral in the same way 
as sodium cyanide. 

The third control group of ingots was cast by the 
same procedure as for the second. The compositions 
of the steels studied and the orders of introducing 
boron and nitrogen will be seen in Table 1. 

Each ingot, after the hot top part had been cut off, 
was forged to a bar of 30 mm square section. Bars 
and specimens were given the number of the ingot 
from which they were made. A study of structure and 
properties on forged specimens ensured more uniform 
results, than studies on as-cast specimens. 

1. Hardenability. 

This was determined on standard specimens by 
the end quench method from 900°C. Fig. 1 shows the 
hardenability curves for the first, and Fig. 2 those 
for the second, group of specimens. It will be seen 
from the curves in Fig. 1 that addition of nitrogen 
to the steel only slightly decreases its hardenabili- 
ty. Subsequent additions of boron greatly increase 
hardenability in spite of the presence of nitrogen. 

A study of the hardenability curves for the second 
group of specimens (Fig. 2) reveals a different state 
of affairs. Introduction of boron alone considerably 
increases hardenability; but when nitrogen is subse- 
quently introduced there is a considerable fall of 
hardenability to the level before addition of boron, 
or even somewhat below it. Hence when boron is in- 
troduced into a steel already containing nitrogen it 
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TABLE 1. Percentage composition of ingots of two experimental heats of St. 30, 
poured fractionally. 


Calculated 


Percentages of 


% introduced 
(Spectro- 


analytic) 


B 


0.036] 0.020 
0.033) 0.019 
0.036} 0.028 


0,030) 0,021 
0,030} 0.020 
0,031} 0,024 


S 


© 8 


Resistance from end, mm 


FIG. 1. Effect of boron and nitrogen on hardenability of steel 30. 
Specimen 95, original state; 
specimen 96 contains nitrogen, 
specimen 9] contains nitrogen and boron. 


is able to raise hardenability; when nitrogen is in- 
troduced into a boron-containing steel the effect of 
boron is completely annulled. 

These differences in the effect of boron on the 
hardenability of steel can be explained by suppos- 
ing that the form of interaction of boron, nitrogen 
and aluminium depend on the order of introduction of 
boron and nitrogen into the metal, and also on the 
difference in activity of interaction of the aluminium 


and boron atoms. Differences in chemical bond 
forces are revealed by a comparison of the standard 
free energies (A Z $.) for reactions (1) and (2) 


2Al + N, = 2AIN; 
AZ° = 147.600 + 50,0 T, 


AZo 52500 +194 T 
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TABLE 2. Impact values, in kg.m/cm’. 


Results at: 


Steel characteristics 


400° C 575° C 


Group I. Boron introduced after nitrogen. 


Original condition 
with nitrogen added 
with N + beron 


Group II. Nitrogen introduced after boron. 


17.5 
17.5 
12.6 


Original state 
with boron added 


4 


with B + nitrogen 


JO 
a 
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FIG. 2. Effect of boron and nitrogen on hardenability of steel 30. 
Specimen 97, original state; 
specimen 98 contains boron; 
specimen 99 contains boron and nitrogen. 


or by the heat effects (Qy) for these reactions, per 
unit [weight] of nitrogen. For Reaction (1) Qy is — 
4642 cal and for Reaction (2) it is — 2007 cal [17]. 

Presumably, when boron is introduced into a steel 
well deoxidized with aluminium, even considerably 
enriched in nitrogen, it can exert an effect on hard- 
enability because a considerable part of the nitrogen 
already in the steel at the temperature of addition 
(1600°C) and during solidification is present as the 
very stable aluminium nitride. 


In the opposite case, that is when nitrogen is in- 
troduced into a boron-containing steel, nitrogen com- 
bines with boron as well as aluminium, forming a 
boron (carbo) nitride. This extracts boron from solu- 
tion and prevents it from affecting the-stability of 
austenite or the hardenability of steel. 

2. Mechanical properties. 

These were determined after quenching and temp- 
ering at 400 and 575°C. Specimens measuring 15 x 
15 x 60 mm were heat treated, and from them tensile 
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FIG. 3. Micrographs of specimens after normalization. 
a — specimen 95, original state; x 80 

b — specimen 96, contains nitrogen; x 100 

¢ — specimen 91, contains nitrogen and boron; x 80. 


FIG. 4. Micrographs of specimens after normalization, x 80. 
Left: specimen 98, with boron added; 
Right: specimen 99, with nitrogen and boron added. 


and impact specimens were prepared. Some of the 
results are in Table 2. 

From this table it can be seen that the impact 
value is affected by the order in which nitrogen and 
boron are introduced. This order has a similar effect 
on the reduction of area in tensile tests. The sharp 


fall in impact value of steel into which nitrogen is 
introduced after boron (specimen 99) is in good agre- 
ement with what was suggested above about inter- 
actions of aluminium, nitrogen and boron. 

The presence of boron nitride (carbonitride), par- 
ticularly at grain boundaries (after introduction of 
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FIG. 5. Effect of nitriding on the hardenability of boron-containing steel 45R. 
1 — hardness of the unnitrided surface; 
2 — hardness of the nitrided surface. 


nitrogen into a boron-containing steel) is evidently 
also responsible for the sharp drop in impact value 
and the fall in reduction of area. When boron is in- 
troduced into a steel containing nitrogen and residu- 
al aluminium, the properties of the steel remain un- 
changed, since boron, not combined with nitrogen, 
remains in solid solution. All this was confirmed 
completely on the controls from the third group of 
ingots. 

3. Microstructure. 

This was studied on specimens normalized at 
930°C. Figs. 3 and 4 show micrographs (100 magni- 
fication). In the initial state (specimen 95) the 
steel consists of pearlite with ferritic areas (Fig. 
3a). After introduction of nitrogen (Fig. 3b) the grain 
is considerably finer through formation of aluminium 
nitride (Specimen 96). After introduction of boron, 
alongside fine-grained areas, coarse-grained pseudo- 
pearlitic areas appear. Hence introduction of boron 
into a nitrogen-containing steel causes decided dif- 
ferences in grain size with a predominance, in the 
case in point, of coarse-grained pearlite and a re- 
duction of the amount of free ferrite (specimen 91, 
Fig. 3c). 

In the second group of specimens, when boron 
was introduced into the original steel coarse, relat- 
ively uniform pearlite colonies were observed, sur- 
rounded by a fine ferrite network specimen 98). 

Introduction of nitrogen into this steel (Fig. 4b) 
refines its grain and again increases the quantity of 
visible ferrite (specimen 99) bringing the structure, 
like the hardenability, closer to the original, i.e. 
eliminating the effect of boron. The reduction in the 
amount of ferrite is due to the reduction in the temp- 
erature of the austenite-pearlite transformation, 
through increase in austenite stability, and suppres- 
sion of premature precipitation of ferrite from super- 


saturated solution. 

In impact specimens (cf Table 2) a lowering of 
impact value was found to go hand in hand with ap- 
pearance of ferrite at grain boundaries and along 
crystallographic planes inside grains. On other spe- 
cimens of the same heat, and also on the remaining 
specimens which had high impact values and were 
made from the steel without special introduction of 
nitrogen into a boron-containing steel, such precipi- 
tations of ferrite around the nitride (carbonitride) 
particles were not observed. 

4. Interaction of nitrogen and boron in the solid 

phase. 

In addition to the above study of three groups of 
heats, the effect of nitrogen introduction was studied 
on the boron-containing steel 45R [19]. Here nitro- 
gen was not introduced into the liquid metal, but by 
diffusion, i.e. by nitriding standard specimens for 
end-quench hardenability determinations. 


Only a half of each specimen (previously ground 
over an area of 0.3 mm diameter) was nitrided; the 


other half was protected from nitriding by a coating 
of copper of waterglass. This made it possible to 
plot hardenability curves for steel 45R unnitrided, 
and nitrided to a depth of 0.4 mm. The procedure 
completely eliminates the possible effect of differ- 
ent quenching conditions, the effect of the position 
of the specimen in the metal from which it was cut, 
variations in chemical composition, etc. 

The hardenability curves in Fig. 5 shows the var- 
iation of hardness along the length of a specimen on 
its nitrided and unnitrided sides. It will be seen that 
nitriding a boron-containing steel sharply reduces 
its hardenability. This confirms the earlier conclus- 
ion about the high chemical activities of boron and 
nitrogen and about the effect of their interaction on 
the properties of steel. The formation of boron nitride 
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FIG. 6. Fracture in steel 45R after overheating to 1275°C with subsequent 
normalizing at 1000°C quenching and tempering. 


1 — steel not deoxidized with ferrotitanium; 
2 — steel, deoxidized with ferrotitanium. 


during nitriding withdraws boron from solid solution 
and thus prevents it from influencing the stability of 
austenite. 

5. Effect of titanium. 

Various workers have repeatedly emphasized the 
need for introducing titanium into boron-containing 


steels to lock up nitrogen as the stable TiN [14-16]. 


We have also seen in this paper that to prevent the 
interaction of boron and nitrogen it is sufficient to 
have an appropriate amount of aluminium present in 
the metal, provided that after introduction of boron 
the steel does not pick up nitrogen. 

This was confirmed by melting a series of heats 
of a boron-containing steel, each of which was div- 
ided into two parts, one receiving 18 per cent ferro- 
titanium, at the rate of 2 kg/ton (i.e. 0.2 per cent on 
the metal) and one being left without addition. In all 
these heats, containing 0.02-0.06 per cent of alumi- 
nium and 0.0018- 0.00030 per cent of boron, indepen- 
dent of whether titanium was introduced or not, the 
properties of the steel (hardenability, ductility and 
toughness) remained the same. However, introduction 
of titanium reduces the tendency of boron-containing 
steels to grain growth and stony fracture and reduces 
its resistance during straightening. This is obvious 
(Fig. 6) from a comparison of the form of fracture of 
specimens of 45R steel specimens, with and without 
titanium, overheated to 1275°C and then normalized 
at 1000°C, quenched and tempered. 


SUMMARY 
1. The combined effects of boron, aluminium and 


(0. 1 per cent Ti). 


nitrogen on the properties of steel are largely deter- 
mined by the order in which these elements are in- 
troduced. 

2. This dependence of the effects of boron, alumi- 
nium, and nitrogen on the order of their introduction 
into steel is associated with differences in the me- 
chanism of their interaction. 

3. When boron is introduced into liquid steel, deo- 
xidized with aluminium, boron nitride is either not 
formed, or formed only in very small quantity, since 
nitrogen, dissolved in the steel, is bound as stable 
aluminium nitride. This ensures that boron is retain- 
ed in solid solution where it is able to affect steel 
properties. 

4. When nitrogen is introduced into, or is absorbed 
by, a boron-containing steel, thanks to the predomi- 
nant formation of boron carbonitride there is partial 
or complete extraction of boron from solid solution. 

5. The lower tendency of a boron-containing steel 
to [ suffer damage through ] overheating can be ex- 
plained by a retardation, in the first stage of over- 
heating, of austenite grain growth by titanium carbi- 
de, and at high temperature by the effect of titanium 
on the distribution of boron at grain boundaries. 


Translated by R.C. Murray 
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DESCRIPTION OF A SYSTEM OF INTERACTING PARTICLES BY MEANS OF 
GREEN FUNCTIONS* 
L. KOBELEV 
Urals “A.M. Gor’kii® State University 


1. The problems of describing a system of interac- 
ting particles by means of the Green’s functions have 
been studied in numerous works [1-3]. We shall de- 
monstrate the possibility of describing such a sys- 
tem on approximation to a self-congruent field using 
Schwinger’s equation [4] for the Green’s functions 
determining the wave function of a particle interact- 
ing with a self-congruent field of the particles of a 
system. In particular, it is possible, from Schwing- 
er’s equations for an electron interacting with a self- 
congruent field of the other electrons of a system, to 
find both the kinetic equation for the quantum distri- 
bution function, and also the relationships of disper- 
sion that take into account virtual transitions in the 
processes of scatter of an electron in motion in this 
field over the self-congruent field of the particles of 
the system. 

2. We shall consider a system of N (N > 1) charg- 
ed Fermi non-relativistic particles interacting through 
a Bose fieldt. To keep the discussion concrete, in 
what follows we shall speak of a system of electrons 
in an electromagnetic field. On approximation to a 
self-congruent field the likelihood of any electron 


being found at a point x; will be the same, and there- 
fore the electromagnetic field created by all the par- 


ticles (with the exception of the jth particle) at the 
point x; is governed by 4 potentials 


(=-- = 1): 
Qn 
(x) = eb* (xs); OAL = 


1 
2m* 


x= (x, it}; i=1, 2, 3, (1) 


* Fiz. metal. metalloved., 6, No. 2, 354-356, 1958. 
t The following observations do not differ essentially 
for a system of interacting Bose-particles. 


(Received 30 March 1957) 


where — (x) is the wave function of any electron in 
interaction with a self-congruent field of the other 
particles. In other words Ay (x) (u=0, 1, 2, 3) are 
mean potentials, the result of “blurring” throughout 
the whole of the charge area of electrons of equal 
density. 

As regards its form, therefore, the equation for the 
motion of an electron in a self-congruent field, for 
any electron of the system, can be regarded as the 
equation for a “quasi-particle” interacting with the 
“natural electromagnetic field”. Here the “natural 
electromagnetic field” represents the mean electro- 
magnetic field created by all the electrons of the 
system, and the “quasi-particle” corresponds to an 
electron with a mass modified through interaction 
with the self-congruent field of the system and with 
other fields. On approaching in this way the problem 
of a system of particles with self-congruent inter- 
action, to describe the system use can be made of 
the Green’s functions determined from Schwinger’s 
dynamic principle and satisfying Schwinger’s equa- 
tions on the suitable choice of the Lagrangian oper- 
ator. 

The equation for a self-congruent field obtained 
by means of the Green’s functions are a generaliza- 
tion of the Hartree-Fock equations, since they take 
account of virtual transitions in the processes of 
electron scatter in a self-congruent electromagnetic 
field of the system. 

3. We shall select an operator of the Lagrangian 
function for an electron interacting with the self- 
congruent field of a system of electrons in the form: 


1 0 
Lie 
E 


1 
2m* 


| 


(2) 


+ Hermitian — conjugate term + 
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which gives the equation of motion: 


1 


e? 


e 


yl] (i= 1, 2, 3). 


In equations (2) to (5) 7 and Jy, are the external 
sources of the electron and electromagnetic fields, 
Fyy is the operator of the tensor of the electromag- 
netic field, A, are the Bose operators of the 4 poten- 
tials. In the theory of interaction, the electron and 
electromagnetic field operators satisfy the Fermi 

and Bose displacement relationships*. 

From Schwinger’s dynamic principle for quantum 
fields it is possible to find a relationship for the 
variation derivative of the vacuum mean value of the 
operator w that agrees with the corresponding relat- 


ionship in 


8 


A, 


— <A, 
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The equation for < yy > that can be obtained from 
(3) has the form: 


= a) 


Vi <Ai (xX) 


A > <= 
e< oY 


ie 


<A? (x) b> (x). 


Ignoring the term containing A? and combining (3) 
and (6), we get for the Green’s function for the elec- 
tron-hole the equation 


A)—e <A, (x)> + 


ie 
_i— + 

(8) 


A 
Vi< 


G (x, x’) = B(x —+’). 


For the Green’s function for a photon field* 


3 <A, (x)> 


<A, (x)> 


(0, (x,x/)= 


by a similar method we get the equations 


* External source 7 commutes with y* and y. 
t The sign () + denotes P — the product. 


* Where there are external electromagnetic fields Ip # 0. 


| 
(4) 
| 
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— ODp (x, x’) = B(x — 4 If we ignore the magnetic interaction, equations 
(8) to (10) agree with the equations for a self-con- 
(9) gruent field found by the other method [1]. 
4. The Green’s function for the electron field G 
e 3 (x x”) is the solution of the equation for the densi- 
Qm* BJ; Vi G (x, x); ty matrix of this field at all space-time points ex- 
cept the points x = x’. By means of equations (8) 
to (10) we shall write the equation for the density 
a we : matrix, the solutions of which give the likelihood 
See ea of a particle being found at the point x when x = x’. 
(10) It should be noted here that equation (8) determines 
the natural energy values of the electron, therefore 
the form of the differential-integral energy operator 
ean be found from (8). From the relationships 


— OD; (x, x") = B(x — 2’) + 


e 


ome V; G (x, x); Oy <Ay> = 0. 


—O < Aj; (x)> =J;+ 


4 
ie (x’) Gi(x, x’) = ie? (x, x4) 3 (3; (x,3) G (x2 x’) dx, dx, (12) 


the equation for the density matrix takes the form 


at -|5 +e(- Ag (x) > — Ag (x’) + 


ie 
— <Aj(x’)> + (vi < Ai (x) > — (xx’) — 


— iv? [Dy (x3) G (xx ) G — D,, (493) G ) G (x xy vg) dxy + 


ite? 


+ 


ite? 
[Dj (x) yi G (xx1) G (x2x1) — Dj (x"8) G (x'xy) G (x,x0)] dx, 


In selecting 


(3 and D= D(x —&) 


after a series of approximations and switching to I take this opportunity of expressing my deep gra- 
Vigner’s theory, equation (13) agrees with the well- titude to Professor S.V. Vonsovskii for his criticism 


known kinetic equation for the quaatum distribution of the results of the investigation. 


function [5]. Translated by R. Hardbottle 
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THE DISPERSION RELATIONSHIP FOR ELECTRON PLASMA * 
A. VOLOSHINSKII and L. KOBELEV 
Urals “A.M. Gor’kii® State University 
(Received 1 April 1957) 


1. The dispersion relationship for electron plasma 
first obtained by Vlasov [1] was studied in [2-4] 
for quantum plasma. In all the works referred to the 
plasma was considered on approximation to a self- 
congruent field. In studying the electron scatter pro- 
cesses over a self-congruent field, no account was 
taken of the virtual interaction of electrons with 
the self-congruent field. As is known these proces- 
ses are described by the current operator 


#2"). 


Below we give the dependence of the dispersion re- 
lationship for plasma on the current operator. It will 
be seen that the form of the dispersion relationship 
depends very largely on the structure of the 


xx’). 


We shall describe the behaviour of electron plas- 
ma consisting of interacting electrons in a uniform 
field of ions by means of the Green’s functions for 
the electron and photon fields. Ignoring the magne- 
tic interaction and using Schwinger’s notation [5], 
from the results of [6] (cf. also [7]), the equations 
for the Green’s functions on approximation to a self- 
congruent field will coincide in form with Schwinger’s 
equation: 


[Ho (p) — eA + G=1, (1) 


— D =1, 


3 


(3) 


Here H, (p) is the free-electron energy, G and D 
are the Green’s functions for the clectron and pho- 
ton, I is the current operator, A is the mean vacuum 


* Fiz. metal. metalloved., 6, No. 2, 356-358, 1958. 


scalar potential of the self-congruent field, deter- 
mined from the equation 


— OA = J (8) + ieG (3; 2), 


where € is the photon co-ordinate, J is the external 
charge density, 


VOL 
2. To discover the dispersion relationship equa- 6 
tions (1) to (3) can be used. Let the Green’s func- 195 


tions and the current operator depend only on the 
differences between the co-ordinates. Their approxi- 
mate values (G°, D° and 1°°) can be found from the 
respective equations. Then 


and the form of D® (x — y) is determined by the points 
in the energy-pulse area at which is fulfilled the 
equation (the dispersion relationship) 

ie? 


G —0, 


or in the expanded form 


iee 


ke | G9 (Ky) (— ky — k) (k, — ky = 0.(5) 


Discounting the virtual scatter processes over the 
self-congruent field the current operator in the k- 
area equals unity and the dispersion relationship 
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(5) coincides with that found in [3, 4]. 
Now let the current operator be represented in the 


form 


T? (5; = (5 — 2,3 x, — Xa) + 


The dispersion relationship assumes the form 


ke — GO(k,) [EP (— + 


+ (kis — GP — =0. (7) 


For the approximate value of I” [5], 


To =*3 (§ — (x, — Xe) — 


— ie?G® (x, — 2) G9 (F—x,) D9 — *2) 


(2n)4 


In cases where the current operator leads to diver- 
gencies, procedures of superstandardization must be 


resorted to. To determine the current operator in 
equations (2) to (7), methods may be used that are 
not based on perturbation theory, as is done in [8]. 

It follows from equation (8) that generally speak- 
ing the dispersion relationship for electron plasma 
is determined not only by the type of the Green’s 
function for the electron, but also by the type of 
the Green’s function for the photon. 

The authors acknowledge their deep gratitude to 
member-correspondent of the Academy of Sciences 


fo (k,) G° (k, — k) — G° (k, — ky) 


G (ky — ky —k) G (k, — = 0. 
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of the U.S.S.R. S. V. Vonsovskii for his comments 
on their work and for his valuable critiéism. 

We take this opportunity of expressing our grati- 
tude to V.L. Bonch-Bruyevich, who kindly furnished 
us with the results of his work [4] prior to its publi- 
cation 


Translated by R. Hardbottle 
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THERMODYNAMIC DERIVATION OF DYNAMIC SUSCEPTIBILITY t 
G.V. SKROTSKII and V.T. SHMATOV 
Urals Polytechnical Institute, Urals Branch of Academy of Sciences of U.S.S.R. 
(Received 16 April 1957, 


We shall consider a thermodynamic system capa- 
ble of releasing into a sub-system the degrees of 


freedom responsible for the appearance of the proper- 
ty being investigated [1]. We shall call the system 


remaining after the sub-system has been released 
the thermostat and consider its temperature 7, cons- 
tant. 

We shall call the process of heat transfer from the 
sub-system to the thermostat the external relaxation 
and the approximation of the internal parameter of 
the sub-system a to its equilibrium value correspond- 
ing to the generalized force A the internal relaxa- 
tion. 

On change in A work Ada is done on the sub- 
system and it enters a state of disequilibrium, cha- 
racterized by a temperature 7 and a parameter a that 
fail to fulfil the equation of state. The equation of 
state in this case determines a value A* = f (T, a) 
different from A. 

According to [2] the change in entropy of the sub- 
system in this case is 


TdS,,= dU, — Ada + (A — A*)da, 


where S, (7, a) and U, (7, a) are the entropy and 
the internal energy of the disequilibrium state of 
the sub-system. The first two terms on the right- 
hand side determine the equilibrium section of the 
change ir entropy of the sub-system. 


T (dSp) = dU, — Ada, (1) 


and the last term the disequilibrium section. Now 
for entropy in the sub-system we find [3] 


TAS = (A 


' Fiz. metal. metalloved. 6, No. 2, 358-359, 1958. 


hence on approximation to the thermodynamics of ir- 
reversible processes 


a=L(A—A’*), (2) 


where the kinetic coefficient 


L>9; since > 0. 


For small deviations from the equilibrium position, 
at a linear approximation, according to (2) 


da 
tra + (a—a,) = il, (T — To) + 


+ (=). (A— Ad), 


where the equilibrium values of the derivatives are 
found from the equation of state of the sub-system, 
and 


is the isothermal internal relaxation period. 
At the same approximation 


Q=a(T—T,): 


where a is the coefficient of thermal conductivity 
between the sub-system and the thermostat, and Q 
is the heat given off by the sub-system to the ther- 
mostat. Using the well-known thermodynamic relat- 
ionships, according to (1) and (4) on a linear approx- 
imation we find 
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0) C 


(5) 


where Cg is the thermal capacity of the sub-system 
and 


is the external relaxation period for constant a. 
When A = const both external and internal relaxation 
occur simultaneously in the system. Thus when A = 
const it is only sensible to introduce the external 
relaxation period when disregarding the internal re- 
laxation. 

In the case of adiabatic isolation of the sub-sys- 
tem (a = 0), eliminating T — T, according to (5) from 
(3), we find that the adiabatic internal relaxation 
time 


Ca 


. 


The system of equations (3) and (5) determines 


the change with time in the parameter a and in the 
temperature 7 of the sub-system on a given change 
with time in the generalized force A. 

On periodic change in A — A, at a frequency w, 
from (3) and (5) we find the dynamic “susceptibility” 


) l + iw (tr 


Translated by R. Hardbottle 
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STUDY OF THE PLASTIC DEFORMATION OF METALS ON CYCLIC LOADING * 
V. A. PARFENOV 
(Received 20 August 1956) 


Irreversible plastic deformation in metals and al- 
loys takes the form mainly of displacements of groups 
of atoms according to the position of the crystals. 
Three types of plastic deformation are distinguished, 
the names of these being borrowed from mineralogy: 
shear, twinning and bending (folding). These types of 
deformation differ basically from one another in the 
mechanism of displacement of the atoms in the crys- 
tal lattice. 

Disregarding the concrete theories concerning the 
mechanism of shear (edge dislocation,“elastic hinge” 
etc.) it is supposed that near the displacement sur- 
face are found residual. displacements of atoms. By 
twinning is understood displacement of one part of 
the lattice in relation to another, at a point in which 
the atoms in the displaced position are arranged strictly 
symmetrically in relation to the atoms of the part 
that was not displaced. Bending is represented as a 
primary act of deformation, where a change occurs 
in the direction of the shear planes due to causes 
other then twinning. 

Plastic deformation of metal crystals may take 
place with or without residual change in the extern- 
al shape of the part. A typical example of such con- 
ditions is deformation through repeated reverse load- 
ing. In this case plastic deformation does not alter 
the external dimensions of the specimens being test- 
ed until failure occurs. 

On cyclic loading the mechanism of deformation 
is more complex than on static application of load- 
ing. Whereas at present nobody is in any doubt as to 
the nature of the shear mechanism of deformation of 
metals on cyclic loading, on the other hand there 
are only isolated indications of the mechanism of 
deformation by twinning. 

It is considered [1] that in general deformation 
twin crystals appear primarily in alloys with body- 
centred cubic and hexagonal lattices. The condi- 
tions for the formation of deformation twin crystals 
in a face-centred lattice have not been discussed in 
sufficient detail. An investigation has been report- 
ed [2] where deformation twin crystals were seen to 
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form during the fatigue testing of a cast E] - 437 
alloy. 

In the investigation referred to, attempts were made 
to follow the process of deformation twin crystals. 
For this purpose the process of the spread of defor- 
mation of a specimen of EI] -602 nickel alloy on cyc- 
lic loading was studied at different stages of the 
cycle [4]. The cycle of the bilateral deflexion of a 
plane specimen was interrupted after every quarter 
cycle in order to observe the changes in the struc- 
ture. For convenience in investigation cyclic bend- 
ing of the specimen was carried out intentionally 
with extensive residual deformations. The speci- 
mens — plates measuring 50 x 6 x 2 mm — were de- 
formed through applying impact loading in special 
equipment. The size of the angle of deflexion a of 
the specimen was determined from the face and sup- 
port wedge profiles. Various specimens underwent 
cyclic bending through angles a = 2.5, 7.5, 15 and 
25°. 

The sides of the specimens underwent electropo- 
lishing before the start of the tests. After each quar- 
ter cycle this surface was examined at microscope 
magnifications of 700 and 1500. 

In Fig. 1 is shown the relief formed on the polish- 
ed surface of a specimen after having been bent 
through an angle a = 15° various numbers of times. 
Photographs were taken of exactly the same point 
on the section, using oblique lighting. The section 
was not etched. 

After the specimen had been bent for one quarter 
cycle the first lines of shear appeared (Fig. la). 
Reverse deformation of the bent specimen into the 
neutral position (second quarter of cycle) produced 
further lines of shear (Fig. 1b). The number of new 
lines on reverse deformation was considerably smal- 
ler than on forward deformation. The third quarter of 
the cycle — the continuation of the reverse deforma- 
tion beyond the axis of the specimen — gave analo- 
gous results of those of the first quarter, and the 
fourth to those of the second. 

With rise in the number of cycles the number of 
shears, their contrast and thickness gradually in- 
crease. The plastic shears occupy new areas of 
grain. Already after cycle No. 41/4 around the hard 
phase inclusion oriented displacement of part of the 


164 
VOL 
6 
195% 


Letters to the editor 


FIG. 1. Macrostructure of exactly the same point of the specimen after 
bending for various numbers of cycles: 
a— 1/4 cycles; 
b— 2/4 cycles; 
c — 41/4 cycles; 
d — 89/4 cycles; X 560. 


grain was clearly visible — a twin crystal had start- 
ed to form (Fig. 1c). With further rise in the number 
of bendings the traces of shear bend (Fig. 1d) and 
the twin crystal formed assumed greater contrast. 
Thus it was demonstrated experimentally that on 
cyclic loading deformation occurs not only through 
shear but also through twinning. 

In the areas where the cyclic shears are of maxi- 
mum intensity oxide films (Fig. 2) form, that are no- 
ticeable for their temper colours. The latter is an 
indication of the local rise in temperature along the 
slip planes. Similar oxidation of the shear planes 
was also noticed in other alloys [3]. 

At a microscope magnification of 1500 a block 
structure was observed (Fig. 3). The size of the 


blocks was between 2 and 5 yp. 
As has already been mentioned, the degree of de- 


formation of specimens on cyclic bending was con- 
siderably higher than on fatigue testing. Moreover 
these tests took place at room temperature. It was 
thus of interest to make a further study of the nature 


of the deformation of alloys with a face-centred lat- 
tice in standard high-temperature fatigue tests. For 
this purpose investigations were made on a group of 
specimens of EJ]-437B alloy that had been submitted 
to fatigue tests at a temperature of 750°C. To obtain 
longitudinal sections the specimen in which the 
point of failure had been established after the tests 
was cut along its longitudinal axis. The area of the 
neck near the point of failure was studied. The pol- 
ished sections were etched in an aqueous solution 
of hydrochloric and nitric (10 per cent) acids at a 
temperature of 30-40°. 

Microscopic investigation of the fatigue specimens 
revealed some interesting facts. At high stresses 
(30-35 kg/mm?), when failure of the specimen occurs 
in the time interval from 1 to 100 hr, shear lines are 
clearly observed in the surface grains. Failure at 
high temperatures occurs along the shear planes. If 
the surface layer contains areas of low grain size, 
then after the tests twin crystals are evident in the 


fine areas (Fig. 4). 


c 


Letters to the editor 


FIG. 2. Type of oxidized shear planes after cyclic 
bending for 89/4 cycles; 
X 560. 


FIG. 3. Block structure of El-602 nickel alloy — the 
result of cyclic deformation through an angle 
a= 15°, 100/4 cycles; X 1200. 


FIG. 4. Microstructure of alloy near the surface of the neck after 
fatigue testing at 750° and at a stress of 31.9 kg/mm’. 


Below the surface deformation through twinning 
is not observed. 

Deformation twin crystals only occurred in grains 
whose diameter did not exceed 0.1 mm. In the coar- 
ser surface grains deformation was through shear 
deformation. 

At lower cyclic stresses (25-27 kg/mm’), when 
failure of the specimen occurred in 300-600 hr, 
deformation of the surface grains in the neck was 
through shear formation. 

The products of decomposition of the solid solu- 
tion along the grain boundary on lengthy testing 
coalesce, forming small chains. Fatigue cracks at 


low stresses appear along the boundaries of the sur- 
face grains. 


CONCLUSIONS 


1. A procedure was proposed for studying the 
plastic deformation of alloys on cyclic loading. 

2. The process was studied of twinning in the sur- 
face grain of a specimen with rise in the number of 
cycles of repeated reverse bending of a specimen of 
EI-602 nickel alloy with a face-centred lattice. 

3. It was shown that on the fatigue testing of 
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specimens of an alloy with a face-centred lattice shear but also through twinning. 
plastic deformation takes place not only through 


Translated by R. Hardbottle 
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MAXIMUM DEFORMATION IN TENSION AND THE BENDING ANGLE * 
IU. E. BONDAREV 
(Received 1] March 1957) 


During bending of un-notched test specimens in a 
bending machine, the tensile deformation undergone 
by the outermost specimen layer varies with the spe- 
cimen thickness. The maximum deformation 5,ax 
corresponds to the middle of the specimen, where 
the moment acting is the greatest. It is also at this 
point that the first crack sets in. It is of interest to 
establish the factors, on which depend the mechani- 
cal properties of the metal and the geometrical dim- 
ensions of the test specimen, and which play a deci- 
sive role in determining the maximum deformation of 
the outermost layer. In order to do so, we shall use 
experimental and theoretical analysis. 

It was shown, [1], that the distribution of defor- 
mation in the stressed zone of a bent test specimen 
is affected by the capacity of the metal for relative 
work hardening, as a criterion of which the extens- 
ion in tension 5, can serve. The deformation 5max 
depends also on dimensions of the specimen cross- 
section: the height A and width b. The specimen 
length has no effect in this respect, since the de- 
formation 5,4, extends over a small section only of 
the test specimen independent of the value of the 
specimen length. Finally, 5,,,, is determined by 
the value of deformation of the test specimen as a 
whole, as a measure of which can be taken the ben- 
ding angle a,which is easily measurable in pract- 
ice. 

All the factors mentioned above, form the function 


=f (bp; 6; a). 


In order to establish the nature of the functional 
relationships, use will be made of the dimensional 
analysis. We shall construct a table giving dimens- 
ions of all the parameters: 


[max] =1; [ep] =1; [A] =L; [6] =L; [a] =1. 
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Among all the dimensional factors, only one: h or 
b has an independent dimension. Therefore, accord- 
ing to the rules of dimensional analysis [2], the re- 
lative system of units will possess only one basic 
unit, for which we shall choose A. By expressing in 
the new system of units, the dimensions of the re- 
maining factors, we get that: 


Bmax]=1; [5p] =1; [0] =A; [2] = 1. 


Let us now derive the function from dimensionless 
elements: 


(2) 


The form of function (2) can be established exper- 
imentally. 

Since it is difficult to determine simultaneously 
the variation in 5max in function of three independ- 
ent variables, use was made of the following proce- 
dure. From seven metals having different values of 
5p, three groups were prepared of unnotched, rectan- 
gular test specimens with a cross-section with 
dimension of 6 x h = 10x 10 mm; 7.3 x 10 mm; and 
5 x 10 mm. This procedure ensured that the ratio 
b/h varied from 1 to 0.5. A network of squares with 
a side of 1 mm was drawn in on the side surface of 
test specimens, previously washed in acetone and 
covered with a thin layer of India ink, for the deter- 
mination of deformation 5,,4x. The network of squares 
was obtained by means of measuring microscope 
fitted for this purpose with a special drawing device. 
The network was drawn in with an accuracy of + 5 
per cent. 

On the basis of test results, a relationship was 
established for 5max in function of 5p and a, for 
three groups of test specimens with a constant ratio 
of b/h for each of the groups. In Fig. 1 is shown the 
dependence of 5yax in function of a, for test speci- 
mens, with the ratio b/h = 1, of metals with various 
values of 5,. As it is clear from the graphs, the 
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FIG. 1. Dependence of the deformation 5,9, on the 
bending angle for test specimens with b/h = 1: 
1 — steel grade 40 Kh, ap = 0.06; 


2 — steel 3,ap = 0.16; 
3 — steel 20,ap = 0.23; 
4 — aluminium, Gp = 0.38; 
5 — copper, Gp = 0.41: 
6 — brass, ap = 0.64; 
7 — brass, ap = 0.098. 


value of deformation Smax is, for all metals, propor- 
tional to the angle a, while the proportionality co- 
efficient depends on dp since the straight lines ob- 
tained are positioned in accordance with changes 

in its value. The highest position is occupied by the 
line corresponding to the steel 40 Kh (5, = 0.06), 
and the lowest one corresponds to brass annealed 

at 700°C (5, = 0.98). The results obtained agree 
fully with the conclusions reached previously for 

the law of stressed volume development [1], as well 
as with Pogodin- Alekseev’s data on the basis of 
which he postulated that the increase in deformation 
of individual units in the outermost grains maintain- 
ed in tension is proportional to the bending angle 

of the test specimen [3]. 

Since for each metal the deformation 5max is pro- 
portional to angle a, then this angle enters into the 
unknown function (2) as a multiplication factor of 
the first order. This fact enables us to transform 
the function (2) into the following form: 
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Using experimental data, it is possible to deter- 
mine the form of function (3) for each group of met- 
als having a constant ratio of b/h. In Fig. 2 is plot- 
ted the value of a/5 max in function of 5/p. It was 
found that the plot points lie on a straight line with- 
out passing through the origin of the co-ordinate 
system. The line obtained corresponds to the follow- 
ing equation 


Kbp +4. (4) 


— Change in scale 

Q4 06 08 108, 


FIG. 2. Graph of equation (3) for test specimens 


with b/h = 1. 


The coefficient K and a in equation (4) can be 
determined analytically. Let for two points of the 
straight line be established two partial values of 
equation (4): 


By solving the system of equations (5), we find 
that 


Kins (2/8 max): — (2/>max)2 


— (6) 


Having done that, it is now easy to find a. 
Having determined the numerical values of the 
coefficients and after their substitution into equation 
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(4), we can now find the form of this equation for 
the dimensions of the.test specimens investigated. 
For different values of the ratio b/h, equation (4) 
has the following form: 


0.0066 


h max 


0.0056 
= VU. 3 = 
(9) 


All the equations derived above are well confirm- 
ed by the results. In Fig. 1, the position of the 
straight lines was found from equation (7) and the 
plot points were obtained by experiment. It follows 
from the figure, that the distribution of the calculat- 
ed and experimentally determined values does not 
differ by more than 5 per cent, i.e. it does not ex- 
ceed the accuracy of the drawing in of the square 
network. 

The function (3) described the surface defined by 
the independent variables 5, and b/h. Unfortunate- 
ly, the equation of this surface could not be esta- 
blished because three values only of the ratio b/h 
were found to be insufficient for determining the law 
of its influence. However, it can be concluded from 
a comparison of the coefficients in equation (7) to 
(9) that a reduction in the value of b/h leads to an 
increase in the deformation 5 max at equal bending 


angles. Steel specimens with the side ratio of b/h = 
0.5 were fractured during bending, whereas test spe- 
cimens from the same steel grade but with the side 
ratio of b/h = 1 passed through the bending test with- 
out developing any cracks. 

1. It is shown that the value of plastic deformation 
in the centre of the length of unnotched test speci- 
mens outermost layer, where the cracking usually oc- 
curs and the specimen failure begins, depends on the 
test specimen metal capacity for relative work hard- 
ening, which in turn is determined by the uniformity 
of specimen extension and the ratio of the sides of 
the specimen cross-section. 

2. A relationship is established between the deve- 
lopment of deformation 5max as a function of 5p and 
a and equations are derived for the calculation of 
Smax for three values of the b/h ratio. 


Translated by H. Cygielskii 
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REDUCTION IN COERCIVE FORCE IN HIGH SPEED STEEL AS A 
RESULT OF COLD TREATMENT * 
Ia. I. KAGAN and Iu. I. PASKAL’ 
(Received 1] March 1957) 


In the process of magnetic study of structural 
transformations in high speed steel in various heat 
treatment processes, including cold treatment, some 
results were obtained which indicated the effect of 
cold treatment on coercive force in steel. 

The coercive force values of steel after various 
types of hardening and subsequent cold treatment 
are given in Table 1 (each figure is the average 
value from 3 samples). 

It is apparent from Table 1 that cold treat- 
ment produces a perceptible reduction in coercive 
force in the steel. 
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FIG. 1. 


TABLE 


Hardening process 


Coercive force in oersteds 


After After cold treatment 
hardening | at—120°C for 30 min 


Hardening at 1250°C in oil 
Hardening at 1250°C with 
isothermic extrusion at 560°C 


62.7 55.3 
66.6 60.1 


Fig. 1. shows the reduction in coercive force as 
a result of cold treatment at various temperatures, 
ranging from — 40°C to — 183°C. 

For purposes of comparison Fig. 2 also shows the 
amount of martensite formed under the same condi- 
tions of cold treatment. The martensite content and 
the coercive force were assessed from the same 


samples. 
A comparison of the above graphs shows that the 


reduction in coercive force is proportional to the 
amount of martensite formed. 

Further research showed that repeated cold treat- 
ment not leading to additional austenite disintegra- 
tion does not reduce the coercive force. 
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Reduction of coercive force is, therefore, closely 
linked with the process of austenite disintegration; 
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in addition, an increase in the martensite content of 
the steel should not reduce the coercive force. 
Apparently reduction of the coercive force is con- 
nected with a reduction in the magnitude of internal 
stresses in the steel. One may therefore suppose 
that structural stresses arising as a result of the 
austenite disintegration produced by cold treatment 
have a value opposite to that of the stresses which 
remain after hardening, and this causes a reduction 


in the total tensile state of the steel. This theory 
of reduction of internal stresses is ix conformity 
with findings on increased plasticity of steel after 


cold treatment. 
Translated by R.E. Hammond 
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THE EFFECT OF ANNEALING ON PHASE COMPOSITION IN THE SURFACE OF 
IRON HARDENED ELECTRICALLY 
WITH VARIOUS METALS * 
B.P. KOLESNIK 
Metal Physics Institute, Urals Department Academy of Sciences U.S.S.R. 
(Received 4 February 1957 and after revision 27 November 1957) 


The present investigation was made on nine test 
specimens hardened electrically with graphite, alu- 
minium, vanadium, manganese, iron, nickel, copper, 
zirconium and niobium electrodes. The specimens 
were prepared in the form of sections for X -ray stru- 
ctural analysis. The spark hardening of test speci- 
mens was achieved by means of the following meth- 
od: voltage, 20 V; capacitance, 28 mF; short-circuit- 
ing current, 1.4 A. The apparatus was equipped with 
a power transformer, adjusted so that the degree of 
condenser charging was constant for all charges. 
The automatic setting and the stability control of 
the equipment was realized with the help of a type 
EO-5 oscillograph, put into the circuit in a special 
way [1]. The time required for the hardening of 1 
cm? of the surface area was about 9 min. : 

The X-ray phase composition analysis of the sur- 
face layers and the measurement of microhardness 
of the test specimens was made twice: after elec- 
trical hardening (before annealing) and after anneal- 
ing. The annealing was carried out in sealed glass 
ampoules from which all the air was evacuated. The 
purpose of this arrangement was to reduce the extent 
of the metal surface oxidation. The specimens were 
annealed thrice at the temperature of 600°C, at 
which they were maintained ‘or 1 hr. After each of 
the heating periods, the specimens were air-cooled 
to 100°C. 

Judging by the experience gained in thermal treat- 
ment of high alloy tool stee!, it was reasonable to 
expect that, under the above conditions of anneal- 
ing, all the stresses (phase stresses, thermal stres- 
ses, etc.) will disappear from the specimen surface 
layer and there will be no decomposition of the low- 
alloyed austenite and martensite. Furthermore, it 
was expected that the temperature-stable compounds, 
solid solutions, and the high-alloyed martensite will 
remained unchanged. After this type of annealing, 


* Fiz. metal. metalloved., 6, No. 2, 366-368, 1958. 


the high-alloyed austenite is transformed into mar- 
tensite. 

The decomposition of the low-alloy martensite and 
of the temperature-unstable compounds, should lead 
to a reduction in the microhardness of the specimen 
surface layer. On the other hand, if temperature- 
stable compounds and solid solutions, as well as 
the high-alloy martensite, are present in the surface 
layer, there should be no drop in the specimen mi- 
crohardness after annealing. In this case, if the 
high-alloy austenite was present in the specimen’s 
surface layer prior to its annealing, which is trans- 
formed during the annealing into martensite, there 
can even be a rise in the surface layer microhard- 
ness. 

Thus, using the data obtained by X-ray analysis 
and by microhardness determinations, it is possible 
to determine unequivocally the temperature stabili- 
ty of the phases present in the specimen surface 
layer after its hardening by any metallic electrode. 

In Table 2 data are tabulated for the phase compo- 
sition and microhardness of the specimen’s surface 
layers before and after annealing. 


TEST RESULTS 


Iron treated with graphite. 

There was no change in the phase composition of 
the surface layer of this test specimen. In the radio- 
gram of the annealed specimen, there is found a 
slight increase in the cementite lines intensity, and 
certain of these lines became discontinuous. This 
fact shows that a certain increase in the size of the 
cementite particles occurs during the process of 
annealing. Furthermore, it is also likely that austen- 
ite decomposition sets in during the annealing, but 
the quantity of austenite present in the surface lay- 
er is so minute that X-ray analysis was incapable 
of detecting it. Some reduction in the microhardness, 
as found in the annealed test specimens, is clearly 
caused by the increase in the size of carbide par- 
ticles and by the removal of thermal stresses from 
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TABLE 1. Effect of annealing on the phase composition of surface layers in electrically 
hardened iron test specimens (cathodes) 


Microhardness 


20 


Phase composition of surface layer 


Prior to annealing After annealing Before After 
annealing| annealing 


Graphite Fe,C Fe,C 850 


FeAl FeAl 


y p.a — Fe* p.a—Fe 
P-V 9,95* P-V9.95 


Mn p-1— Fes ¢s GTsK 4,34*** (Fe,Mn)O 
MnFe; 


p.1—Fe FeO 
FeO Fe,O, 


p.2 — Fe 
P-Nig 53 Ni . 


Cu + Fe Cu+Fe 
FeO Fe,O, 


p.2—Fe p.2— Fe 
ZroFe, Zr2Fe, 
ZrO, 


p.a—Fe p.a—Fe 
Nb,Fe, NboFe, 
Fe,O, Fe,O, 


* Solid solution based on a-iron 
** Solid solution with lattice parameter of 2.95 A 
*** Phase with cubic face-centred crystal lattice with parameter of 4.34 4. 


the specimen surface layer. However, the surface crystals is observed and the diffraction lines of 
microhardness remains at a high value even after FeA! become much sharper, which can be ascribed 
annealing and it can therefore be assumed that the to the removal of thermal stresses from the speci- 
three-fold annealing was insufficient for softening men surface. This removal of thermal stresses is 
the specimen surface. also regarded as being responsible for a slight re- 
Iron treated with aluminium. duction in microhardness as observed in the tests. 
The specimen surface before and after annealing Iron treated with vanadium. 
remains an identical phase composition. After an- The annealing has no effect on the phase compo- 
nealing, a certain increase in the size of the a-phase _ sition of the specimen, but results in a slight 
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Working 
(anode) 
Al | FeAl, FeAl, | | 
| 760 | 800 
: 
| 
Ni | 400 300 
Cu | | 170 | 90 
| | 
Zr 925 850 
| 
Nb | | 760 800 
| 
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increase in its microhardness. 

Iron treated with manganese. 

In this test specimen, considerable changes oc- 
curred after its annealing, both in the phase compo- 
sition of the surface layer and in the specimen’s mi- 
crohardness. The supersaturated solid solution of 
manganese in the y-iron and the intermediate Fe,Mn 
phase disappeared. There appeared a phase with the 
cubic face-centred crystal lattice, with a lattice pa- 
rameter a = 4.35 A, which represents obviously the 
mixed oxide of manganese and iron (Fe, Mn) O. At 
the same time there is found a considerable reduct- 
ion in the specimen microhardness. 

Iron treated with iron. 

As it is shown by the X-ray diagrams, the dif- 
fuse diffraction lines of y-phase iron have disappear- 
ed after annealing and the lines of the ferric and fer- 
rous oxides appeared. The ferrous oxide line inten- 
sity is considerable lower. Simultaneously there is 
found a significant drop in the value of microhard- 
ness. This pattern of the phase composition varia- 
tion makes us think that the y-iron solid solution 
was contaminated with oxygen. 

Iron treated with nickel. 

There is found a slight change in the phase com- 
position of the specimen surface after annealing. 
The diffraction lines of ferrous oxide disappeared. 
Lines of the solid solution of Fe in Ni, having a 


crystal lattice parameter a = 3.53 A, became diffuse 
in the direction of small angles. The edge of the 


diffuse lines corresponds to the solid solution of 
Fe in Ni, which contains 90 per cent Ni and has a 
lattice parameter = 3.53 A [2]. Because of that, 
there is found a reduction in the specimen microhard- 
ness and the formation of a whole series of solid 
solutions, takes place in which the concentration of 
nickel diminishes as a function of the distance from 
the test specimen surface (it is known that the solid 
solution of Fe in Ni having a lattice parameter of 
a = 3.58 A, contains 40 per cent of nickel and that 
having a lattice parameter of a=3.53 A contains 90 per 
cent of nickel [2]. It is because of that that there 
is a reduction in microhardness. 

Iron treated with copper. 

No change was found in the phase composition 
after annealing the test specimens, with the except- 
ion of the ferrous oxide transition into a mixture of 


the ferrous and ferric oxides, but the microhardness 
of the test specimen surface dropped considerably. 
Obviously, this is because the thermal stresses pre- 
sent in the specimen surface layer after electrical 
hardening are removed by the annealing. 

Iron treated with zirconium. 

The phase composition of the test specimen sur- 
face is almost the same before and after annealing. 
After annealing, the diffraction lines of the zirconi- 
um solid solution in a-phase iron became consider- 
ably sharper and their intensity increased, which 
can be ascribed to a reduction in the stresses pre- 
sent in the specimen surface layer. For the same 
reason there is also a slight drop in microhardness. 

Iron treated with niobium. 

As it is clear from the X-ray diagrams, there has 
been no change in the phase composition and micro- 
hardness of the annealed test specimens. 


CONCLUSIONS 


It was found on the basis of the present investi- 
gations that annealing results in a considerable 
change in the phase composition and microhardness 
of test specimens treated with manganese, iron and 
copper. 

In the case of test specimens treated with graph- 
ite, vanadium, zirconium and niobium there is also 
an insignificant change in the phase composition 
and surface microhardness after the annealing. 

A position, intermediate in this respect, is occu- 
pied by the iron test specimens treated with alumi- 
nium and nickel: there is some change in the phase 
composition and surface microhardness of the 
test specimens, but it is only insignificant. 


Translated by H. Cygielski 
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IMPULSE MAGNETIZATION OF PERMANENT MAGNETS * 
N.M. RODIGIN 
Institute of Metal Physics Ural Department Academy of Sciences U.S.S.R. 
(Received 12 December 1957) 


The magnetization of permanent magnets is usual- 
ly done by means of direct current. In this case, the 
whole process of magnetization in function of time 
can be divided into three periods, two of which: the 
first (during the switching on) and the last (during 
the switching off), have the nature of a transient 
electrical process, whereas the middle period is 
stationary in this respect. 

During the first period, the current increases con- 
tinuously until the specimen’s magnetization rea- 
ches a certain value determined by the dimensions 
of the coil, the strerigth of the magnetization cur- 
rent, the size of the specimen and by its magnetic 
and electrical properties. In the second period, the 
magnetization current has a constant value and the 
specimen remains in the magnetized state without 
any changes. In the last period, the current dimini- 
shes from its maximum value to zero and its induc- 
tion value in the specimen is reduced from the ma- 
ximum to the residual value. Thus, the first period 
of specimen magnetization plays an essential role, 
the second period is unnecessary and the third one 
unavoidable. Therefore it is clear that the magneti- 
zation of the specimen can be achieved without 
using the direct current. Complete magnetization 
can be obtained with impulse current, provided that 
its direction remains constant. 

The problem of permanent magnet magnetization 
by means of impulse current received some attention 
from earlier investigators, e.g. Polivanov [1]. The 
present day developments in electronic and ionic 
instruments make possible the construction of equip- 
ment suitable for impulse magnetization of large 
objects, and in particular of large cross-section 
area permanent magnets. 

An example of such equipment was given, together 
with the circuit details, in work [2]. In this case, 
the magnetization circuit was fed directly from 50 
cycles a.c. mains. 

The principal components of the equipment are as 
follows: ignitron, thyratron, peak transformer and a 
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condenser. The current impulse is achieved within 

a strictly defined time interval when the voltage of 
the network changes from its maximum value to zero, 
i.e. during a quarter of the sinusoidal current period. 
Experience gained in the use of this equipment show- 
ed that it can be employed successfully for various 
purposes, including also the magnetization of large 
magnets. 

The largest cross-section of a permanent magnet 
from the magnico alloy, that was subjected by us to 
impulse magnetization, was about 15 cm?. The mag- 
netization was carried out using three, and some- 
times, four pulses. Because of the considerable cur- 
rent value and dnly a short impulse, the magnetization 
coil consisted of only a small number of small cross- 
section loops. 

The initial condition of the specimen plays an im- 
portant role in its magnetization. If the magnet was 
already slightly magnetized in one direction in its 
initial state, considerable eddy currents were creat- 
ed during its subsequent magnetization in the oppos- 
ite direction and hindered the specimen magnetization 
over the whole of its cross-section area. During the 
subsequent current pulses, when the strength of the 
eddy current was reduced in the peripheral layers, the 
magnetization extended also to the deeper lying layers. 

The form of the impulse used is also important, as 
it follows to some extent from the theoretical invest- 
igations in this field and, in part, from practical 
tests. For example, at a constant power input, the 
current impulse having a more circular leading front 
is somewhat less efficient in magnetization, in com- 
parison with a current front that is sinusoidal in 
form. 

In our opinion, the impulse magnetization of solid 
magnetic materials on the basis of the method given 
above should find wide practical application, since 
it offers definite advantages, in comparison with the 
d.c. magnetization technique, by reducing the mag- 
netization period, simplifying the equipment neces- 
sary and being more economical. 


Translated by H. Cygielski 
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DISCUSSION ON THE DIFFUSION THEORY OF SINTERING * 
V.A. IVENSEN 
(Received 20 November 1956) 


The theory of metal powders sintering proces- 
ses attracted in recent years the attention of 
many investigators. The interest in this field is 
due to the considerable development of powder 
metallurgy: a new branch of technology, because 
of the importance of such investigations as a 
means of providing additional data regarding the 
mechanism and laws governing the metal flow at 
small stresses. It is a well known fact that this 
field of metallurgy remains, up to the present day, 
insufficiently investigated. 

Of a considerable importance among the works 
dealing with the theory of metals sintering, are 
the investigations by Pines and his co-workers, 
who postulated the diffusion theory of sintering 
[1,2]. To-day, the development of this theory 
has reached the stage when the basic assumption 
made in its derivation is no longer under discus- 
sion (clearly, because it has been so widely ac- 
cepted). A series of newer works has dealt with 
new applications and improvements of this 
theory [3-5]. 

However, as it will be shown in what follows, 
there exist serious reasons for some doubts re- 
garding the actual part played by the diffusion 
mechanism (in the form as postulated by Pines) 
in the general sintering process. First of all, let 
it be noted that it is not sufficient to prove the 
basic possibility of the existence of a given 
mechanism by starting with energy concepts, but 
instead it is necessary to evaluate correctly its 
speed in comparison with other processes that 
can participate in the general process of sinter- 
ing. Furthermore, it must also be borne in mind 
that there is still so much unknown in the field 
here considered that one is not, at the moment, 
justified in searching for a most likely mechanism 


only by excluding the less likely ones, since there 


may be certain elementary processes involved in 
this phenomenon the mechanism of which has not 
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been determined as yet. In postulating the basic 
mechanism of sintering it is necessary to prove it 
is predominant and decisive inasfar as the basic 
process is concerned. In our opinion, no such 
proofs are given so far in the investigations 
made up to now of the diffusion theory of sinter- 
ing. 

Even a simple comparison of the basic assump- 
tions of the diffusion theory with the experimental 
data characterizing the kinetics of the diffusion 
processes, shows that the process cannot be de- 
termined by a single diffusion mechanism (as pos- 
tulated by Pines). According to the diffusion 
theory, the removal of pores during sintering is 
achieved by the formation of vacancies on the 
internal concave surfaces bounding the pores and 
by the diffusion of vacancies to the external com- 
pact surface, which is visualized as a plane, 
sphere etc. The redistribution alone of vacancies 
in a pressed compact will not result in a change 
of the pore volume and it it only when the vacan- 
cies appear on the external surface that there is 
an increase in the compact density. 

It is known that, in most cases, the sintered 
specimens obtained by pressing from metal powders, 
show an intercommunicating type of porosity. In 
the preparation of porous materials (bearings, 
filters, etc) this intercommunicating porosity is pre- 
served until the end of sintering. In other cases, 
the initial intercommunicating porosity is removed 
during the process of sintering. The intercommuni- 
cating pores are then subdivided into individual 
isolated pores. However, in this case, a consi- 
derable (and often the greater) part of the densi- 
fication process corresponds to that stage of the 
sintering process during which the intercommuni- 
cating type of porosity is still present in the 
body of the compact. Under such conditions, the 
rate of density increase is, as a rule, very high 
initially and then drops rapidly in functions of 
time. 

In the presence of the intercommunicating type 
pores, the pressed material consists of metallic 
particles in contact with one another at only very 
insignificant portions of their surface area. The 
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greatest part of the particles surface forms the pore 
surface. The intercommunicating pores have both 
concave and convex sections of their surface, the 
surface of these latter sections corresponding to 
the surface curvature of the original metal powder 
particles. According to the diffusion theory, the 
direction of vacancy diffusion is determined by the 
highest gradient of vacancies concentration. The 
maximum gradient is situated between the particle 
sections bounded by the concave and convex sur- 
faces when the distance between them is the 
smallest. It is clear that in the presence of inter- 
communicating pores, the direction of vacancies 
flow is determined by the “internal” gradients 
between the individual pore sections. Hence it 
follows that, even if the vacancy diffusion speed 
is sufficiently high, it cannot lead to a reduction 
in the pore volume during the period when the 
intercommunicating type of porosity is present in 
the sintered material because the migration of 
vacancies will take place principally within the 
body of the sintered material. 

There can clearly be no doubt as to the cor- 
rectness of the above conclusion. But, if this is 
the case, we are unavoidably confronted with the 
following question: Which is the process or mecha- 
nism that is mainly responsible for an increase 
in the density of the sintered material during the 
initial period when the intercommunicating pores 
are present in it and why should this process 
become ineffective with the formation of the clos- 
ed type pores ? To our knowledge, the mechanism 
operating in the presence of intercommunicating 
porosity is capable of producing a very large in- 
crease in density and at a rapid rate. Are we 
justified in assuming that this mechanism ceases 
to operate completely from the instant of closed 
pores formation ? Even without elucidation of the 
nature of this mechanism, one is justified in 
considering that an instantaneous change in the 
mechanisms of the process is impossible. Even 
after a prolonged sintering period, all of the clos- 
ed pores have a more or less complex configura- 
tion. Immediately after the breakdown of conti- 
nuous porosity into closed pores, or, to be more 
exact, into closed pore sections, the shape of 
the pores will differ but little from that of the 
intercommunicating pores present at the instant 
of the closed pores appearance. Undoubtedly, it 
is during this period that the internal gradients 
of the concentration of vacancies will be predo- 
minant and will determine the course of the pro- 


cess, and consequently the diffusion mechanism 
cannot assume the role of the basic mechanisms of 
the process, which determined the density of the 
material, immediately after the appearance of 
some closed pores sections. The same conclu- 
sions apply to the sintering of materials pressed 
under high pressures and possessing a basically 
closed type porosity prior to sintering. The pore 
surface in such materials also abounds in convex 
sections of a considerable curvature and, there- 
fore, the vacancy re-distribution will occur mainly 
within the body of the material being sintered and 
without reaching its surface. 

It is only after a prolonged sintering, resulting 
in extensive spheroidization of the pores and in 
the disappearance of a greater part of the convex 
sections from the pore surface, that the diffusion 
mechanism can become decisive with respect to 
the process of density increase (provided that 
its speed is sufficient for bringing about the rate 
of density increase as found in practice, which 
requires a special proof). Hence it follows that 
a comparison of the whole process of densifica- 
tion, as found in real cermet materials, with the 
kinetic equations derived on the basis of the dif- 
fusion theory of sintering, can lead to only partial- 
ly correct conclusions since the diffusion mecha- 
nism can, at best, only coexist with a different 
mechanism responsible for the density increase 
during the period when the intercommunicating type 
of porosity is present, which, in all probability, 
continues to operate also after the formation of 
the closed pore sections. 

These are then the conclusions, which in our 
opinion must be derived from a comparison of the 
diffusion theory postulates with the usual and 
widely known phenomena observable during the 
sintering process. 

There exist, however, also other reasons for 
some doubt regarding the essential role of the 
diffusion process (in Pines’s sence) in the process 
of densification during sintering. Still, in 1949, 
Mackenzie and Shuttleworth pointed to the extreme- 
ly low rate of density increase that can be produced 
by the diffusion mechanism of sintering [6]. The 
same fact was also noted by the authors of the 
diffusion theory, who however got over this dif- 
ficulty by postulating that, in real crystals, owing 
to the crystal lattice deformation, the diffusion 
process should proceed at a very much higher 
velocity than in the ideal crystals, which served 
as a basis for the theoretical calculation of the 
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velocity of pore volume reduction. But this ex- 
planation in terms of the effect of crystal lattice 
deformations, is, especially when applied to the 
diffusion mechanism, incapable of elucidating the 
high rate of density increase in real metal-ceramic 
materials. 

As an indirect cause of density increase during 
the sintering, B. Ia. Pines regards the formation 
of an additional quantity of vacancies inside the 
crystal particles, formed as a result of a recovery 
process (interaction and disappearance of dislo- 
cations) occurring during the sintering. However, 
it is very difficult to correlate this explanation 
with the basic postulate of the diffusion theory 
that the flow velocity is determined not by the 
overall concentration of vacancies, but by the 
vacancy concentration difference in sections be- 
tween which the flow of the material takes place. 
Around the concave sections of the pore surface, 
there is created an equilibrium concentration of 
vacancies, corresponding to the capillary pressure 
predominant at such points. If the vacancy concen- 
tration has a lower value in the crystal sections 
further away from the surface than that near the 
concave surface, there will set in a diffusion of 
vacancies and the vacancy deficiency will be 
compensated by the formation of vacancies on the 
concave surface by the atoms “coming up” to the 
surface (which is also responsible for pore agglo- 
meration ). If, on the other hand, the vacancies 
concentration on an open section is higher than 
that on the section adjacent to a pore, the diffus- 
ion of vacancies will be in the reverse direction. 
The vacancies in excess of the equilibrium con- 
centration will be removed from the crystal by 
their emergence on the pore surface, which is res- 
ponsible for the pore extension and its subsequent 
growth. Thus, any increase in the vacancies con- 
centration above the equilibrium concentration near 
to the pore surface, will lead to the outflow and 
disappearance of vacancies from such surface 
and to an increase in the pore volume. Hence it 
follows that the basic condition for the diffusion 
agglomeration of pores, is a reduction in the va- 
cancies concentration in the body of the particles, 
in comparison with the value of vacancies concen- 
tration at the pore surface. B. Ia Pines ignores 
the postulates of his diffusion theory and states 
just the reverse, namely, that the creation of a 
high non-equilibrium concentration of vacancies 
within the particle, should lead to a rapid pore 
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agglomeration. Thus, his lack of consistency is 
obvious. 

Finally, there is also doubt with regard to the 
real possibility of the appearance of a directional 
vacancy i\ow between two parts of a crystal with 
different equilibrium concentrations of vacancies. 
In a body bounded by a surface of a complex 
shape, the crystalline material will exist under 
different capillary pressures, which will depend 
on the distance from a surface with a greater or 
a smaller curvature. Between sections with 
strongly differing pressure values, there will 
exist transitional zones with continuously chang- 
ing pressure while in each section the concentra- 
tion of vacancies will tend to the equilibrium 
concentration corresponding to the pressure ex- 
isting at the given point. The distribution of con- 
centration should correspond to the capillary pres- 
sure distribution within the body. The diffusional 
processes should only favour the establishment of 
such a relationship. A levelling of the vacancies 
concentration can occur only after the elimination 
of pressure differences. 

An analogy can be made between the vacancies 
concentration distribution in a non-uniformly 
stressed crystalline body and the concentration 
distribution of a solid solution constituents over 
the volume of a non-uniformly stressed body, 
heated to a temperature at which the velocity of 
the diffusion process is sufficiently high. The 
phenomenon of “rising” diffusion is well known 
owing to the work of Konobeevski and his co- 
workers. During heating of a non-uniformly stres- 
sed solid solution, the constituents of which have 
clearly differing values of the atomic radii, there is 
observed a displacement of the constituents atoms 
in the direction of the maximum pressure gradient. 
Zones with large differences in the constituents 
concentration are detectable after heating of an 
initially homogeneous material. The differences 
in concentration will persist until the removal of 
the external action causing the pressure to be 
non-uniformly distributed inside the material. The 
diffusion of a constituent with a small atomic 
radius will, in the presence of a non-uniformly 
stressed state, not only have no effect on the 
concentration equalization, but, on the contrary, 
it will disrupt the homogeneity of the solid solu- 
tion, if it was originally present. For such reasons, 
it also appears doubtful whether it is possible to 
have a directional diffusion of vacancies between 
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sections of a crystal lattice having different 
equilibrium concentrations of the vacancies, de- 
pending on the values of the pressure present in 
such sections. 

As already mentioned above, an equalization 
of the vacancies concentration can take place only 
after elimination of the pressure differences. 

However, it is possible to imagine a process 
during which the elimination of the capillary pres- 
sure differences (by means of a gradual smoothing 
out of the surface relief) would coincide with 
a diffusional equalization of the vacancies con- 
centration, in such a way that the relationship 
between the vacancies concentration and pressure 
would not be disturbed and the equilibrium concen- 
tration of vacancies be present in all crystal sec- 
tion throughout the whole process. The reality of 
such a process is not immediately apparent. If, 
however, it is a process of this kind that forms 
the basis of the sintering phenomenon, then, in 
all probability, its kinetics would not be deter- 
mined only by the difference in vacancies concen- 
tration in the various sections of the material and 
by the coefficient of self-diffusion. It can be as- 
sumed that the velocity of this process should be 
much smaller than that of an analogous process 
arising from the diffusion of vacancies between 
the sections of the material having different equi- 
librium concentrations of the vacancies. 

While the above concepts are not beyond argu- 
ment, the two objections put forward earlier on 
(the existence of a different mechanism of sinter- 
ing at least during the period of open porosity 
and the unsatisfactory proof of the increased sin- 
tering velocity of real powders in terms of the dif- 
fusion theory) are, in our opinion, quite sufficient 
for regarding the diffusion mechanism as playing, 
in all probability, only an insignificant role in the 
density increase process of real metal-ceramic 
materials. 

Furthermore, Frenkel’s ideas [7] correlating the 
material flow velocity with the overall concentra- 
tion of vacancies and not with the presence of a 
difference in the vacancies concentration, point 
to a phenomenoloyical association with the nature 
of sintering. By starting with Frenkel’s concepts 
supplemented with those regarding the vacancy 
generation (owing to the regression process pro- 
ceeding at the same time), we can see that there 
is no longer any need for an artificial subdivision 
of the sintering process into the stages of open 
and closed porosity having apparently different 


mechanisms of sintering. At the same time, the 
general course of density increase in function of 
time, as well as the real rise in density of metal 
powders and the dependence of density increase 
on the temperature conditions of the powders pre- 
paration, can be given a simple explanation. It is 
quite true, however, that such an explanation will 
have a semi-phenomenological character. 

Frenkel’s theory is not based on any definite 
atomic mechanism of the crystalline material flow. 
By postulating the dependence of flow velocity on 
the concentration of vacancies, Frenkel gives no 
answer to the question of how displacement stress 
causes a re-distribution of vacancies. Therefore, 
the explanation, as mentioned above, of the phe- 
nomena observed during sintering, which makes 
use of Frenkel’ ideas regarding the flow velocity 
dependence on vacancies concentration and of the 
well known postulates regarding vacancy regene- 
ration during the relaxation process (developed 
mainly by Seitz [8], Frank [9] and by other metal- 
lurgical physicists), does not as yet open the way 
to the acceptance of an atomic mechanism of the 
phenomenon and therefore it does not represent 
the final theory of sintering. Nevertheless, in our 
opinion, this semi-phenomenological explanation 
has a certain definite significance, if for no other 
reason, then because there is, at present, no final 
version of the theory of sintering. 

The development of a sintering theory, based on 
a well substantiated atomic mechanism, represents 
one of the current problems in the physics of me- 
tals. However, any solution of this problem must 
involve a sober assessment of the permissible 
degree of systematization of this phenomenon, as 
well as a wide and correct application of the phe- 
nomenological data, which are already sufficient- 
ly plentiful. 

The publication of numerous works on the dif- 
fusion theory, without a sufficiently comprehen- 
sive and proper evaluation of their merit, has 
created the illusion of the problem having been 
solved, but in fact this illusion only serves for 
removing the basic stimulus for a further study 
in search of the correct theoretical solutions of 
the problems of sintering. 

No development of the theory of sintering is 
possible without considering the empirically 
established laws and without their proper evalua- 
tion. Unfortunately, metallurgical physicists pay 
often too little attention to the facts established 
during technological investigations of the sintering 
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processes. This attitude is also partly responsible 
for the comments made by Pines on certain beha- 
viour patterns described by the author of the pre- 
sent article in an earlier report. These comments, 
expressed in Pines’s article in “Physical sciences 
progress review” for 1954 [4], and in the sympos- 
ium [10], contain errors. Thus, it is maintained 
there that the two constants entering into the 
empirical equation defining the pore volume redu- 
ction in function of time, vary from specimen to 
specimen. But, as already established a long 

time ago [11], specimens made of any particular 
powder, show, within a certain range of the ini- 
tial densities, an identical value of the relative 
pore volume reduction after any duration of the 
sintering period. Hence it follows that the rela- 
tive pore volume reduction curves in function of 
time, as obtained for some specimens of a given 
powder, wil! coincide, and consequently all of 
them can be defined by only one equation, having 
different values of the constants involved. Further- 
more, it should also be emphasized that, for any 
given initial velocity, the course of the process 

is determined by one constant only (m). The other 
constant (q) is numerically equal to the initial 
velocity of pore volume reduction, referred to the 
pore volume unit. 

In another article, [12] Pines maintains, for 
some unknown reasons, that the rapid contraction 
occurring during the heating period prior to the 
establishment of a constant temperature, should 
also find its expression in the equation represent- 
ing the course of the pore volume reduction in 
function of time. But, an equation representing 
an isothermal process, is applicable from the 
moment of reaching a constant temperature only. 
With regard to changes occurring in the material 
being sintered during the period of its heating up 
to the sintering temperature, it is quite irrelevant , 
from the viewpoint of the truth of the equation, 
whether the increase in density was small or 
large. In defining the course of density increase 
by the equation 


any point lying on the isothermal curve can be 
chosen as an arbitrary point of origin of the pro- 
cess and the values of v, and 
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corresponding to it, can be found. 

The further course of the process is determined 
by the constant m, quite independently of the 
values of v, at the initial point (the only condi- 
tion governing the selection of the initial point is 
that it lies on the isothermal part of the curve). 

The equation given above describes well the 
pore volume reduction process, in function of 
time, for longer sintering periods (50 hr and 
more) [13]. However, Pines is not satisfied with 
this proof and recommends that a kinetic equation 
should be compared with the course of density 
rise obtaining with a step-wise increase in tem- 
perature and only with a 20 min duration of main- 
taining the compact at the temperature correspond- 
ing to each step. But, with such a short heating 
period, there is hardly any manifestation of the 
“self-inhibition” of the process, which is typical 
of sintering, and therefore it is impossible under 
such conditions to obtain even an only approximate 
verification of the isothermal density equation. In 
all probability, it is exactly this circumstance 
that explains the apparent experimental confirma- 
tion of the simple laws of density increase in func- 
tion of time, as postulated by Pines: the direct 
proportionality of contraction to the time of sin- 
tering, during the initial period of sintering and 
to the \/7 in the subsequent sintering period. 

In as far as the effect of lattice deformation on 
the rate of density increase is concerned, it can 
be noted that, at present, the significant role 
played by such deformations is acknowledged 
and accepted by many research workers. Although 
the question of authorship is not of a wide in- 
terest, nevertheless it should go on record for 
the sake of accuracy that Pines is wrong in stat- 
ing that the author of the present article “as long 
ago as during the conference on sintering orga- 
nized, in March 1949, by MONITOMASH, appeared 
as an opponent of describing the sintering process 
as involving the presence of crystal lattice de- 
formations” and that “he changed his opinion” 
only at a later date [12]. In order to prove that 
such statements are incorrect it is sufficient to 
quote from a shorthand record of my lecture pre- 
sented at this conference: “Metal powders are 
capable of densification but only in the case 
when they possess a non-equilibrium structure 
and if the crystals contain a considerable amount 
of structural defects” and further on: “if one ima- 
gines that the fluid flow velocity of the material 
and the densification velocity are closely associ- 
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ated with the process of removing the crystal lat- 
tice deformations, then many problems find an im- 
mediate explanation: a rapid drop in the densifica- 
tion velocity in function of time, as well as the ef- 
fect of a preliminary ignition on the metal powders 
capacity for densification”. Thus, a suggestion was 
made by the present author at the conference in 
question that the kinetics of metal powders densi- 
fication are determined mainly by the presence of 
crystal lattice deformations and by the kinetics 

of the “correction” of the defective sections in a 
crystal lattice. Simultaneously, in another paper 
dealing with magnesium oxide sintering, analogous 
ideas were put forward, which can serve as a fur - 
ther proof of their correctness, especially that 
they were postulated by different investigators. 
This coincidence of viewpoint is the more signi- 
ficant, since the concepts regarding the decisive 
role of the “correction” of a defective crystal lat- 
tice and its effect on the densification kinetics, 
were not very widely accepted at that time. 


CONCLUSIONS 


1. The diffusion mechanism of densification 
during the sintering process, as put forward by 
Pines, is incapable of playing an essential role 
in the overall densification process as long as the 
intercommunicating type of porosity is present in 
the sintered compact. Furthermore, there are no 
grounds whatever for considering that this mecha- 
nism of the process, which brings about a rapid 
and extensive density increase during the period 
when the intercommunicating pores are present, 
ceases to become operative after the formation of 
closed pores. 

2. The diffusion theory, in the form as postulat- 
ed by Pines, is incapable of explaining the high 
densification velocity of metallic powders by the 
presence of crystal lattice deformation and the 


formation of an additional quantity of vacancies, 
since such an explanation contradicts the basic 
assumption of this theory, namely, that the material 
flow velocity is determined not by the overall con- 
centration of vacancies, but by the vacancies con- 
centration gradient. 

3. There are grounds for the assumption that in 
a non-uniformly stressed crystalline material sub- 
jected to a prolonged heating, the vacancies con- 
centration will be distributed according to the pres- 
sure values obtaining in the various sections of 
the material. The diffusion of vacancies should 
favour the establishment of these conditions rather 
than disrupt them. Hence it follows, that an equa- 
lization of the vacancies concentration by the 
mechanism of diffusion can occur only after the 
disappearance of the stressed state. 

The possibility of a simultaneous levelling up 
of the vacancies concentration and pressures near 
the surface regions of varying curvature, without 
causing a disruption of the equilibrium conditions, 
is doubtful. The problem should be investigated 
on its own, but no such analysis was made by the 
authors of the diffusion theory. 

4. Frenkel’s theory, which operates with the 
term of the total vacancies concentration and not 
with the difference in their concentrations, if sup- 
plemented by the concept of “vacancy generation” 
during the regression process, is capable of ex- 
plaining, to a great extent, the phenomena occur- 
ring during the sintering of real cermet materials. 
However, this theory does not embrace the atomic 
mechanism of the process and, therefore, this 
kind of an explanation of the densification kinetics 
has a semi-phenomenological character. 

At the present time, it is impossible to provide 
a complete explanation of the effect exerted by 
crystalline lattice deformations on the densifica- 
tion velocity, since little, as yet, is known about 
the flow mechanism of metals under small stresses. 
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1. In a paper contained in the symposium on “Pro- 
blems in powder metallurgy” [1] we have subjected 
to a critical assessment some of Ivensen’s assump- 
tions, referring to the sintering of metal powders. 
Instead of replying to this criticism, Ivensen came 
forward with an article [2] entitled “On the diffusion 
theory of sintering”, in which he deals with the pro- 
blem of verification of the concepts involved in the 
sintering theory, represented as a diffusion type 
process. 

In the paper [2], there are practically no proofs 
given for the concepts formulated. In order to eluci- 
date the true position, in what follows an analysis 
will be made of the comments made by lvensen. 

To start with, let us enumerate some of the more 
important postulates made in the article [2]. Earlier 
on, Ivenson declared [3] “the insufficiency of all 
theoretical ideas, based on the processes of self- 
diffusion or fluid flow, for rma an explanation 
of the laws of sintering”, the reason being that in 
such ideas “no account is taken of crystal lattice 
deformations”. But, in article [2] it is claimed that 
“Frenkel’s theory is capable of explaining the phe- 
nomena observed during the sintering of real metals 
provided that it is supplemented by the concept of 
“vacancies generation” during the regression pro- 
cess”, whereas the diffusion theory [4] is utterly 
unsuitable for this purpose, and generally incorrect. 

It is well known that the role of the “vacancies 
generation” effect, that is the formation of addition- 
al vacancies in the process of annealing, has since 
a long time now been given due consideration in the 
diffusion theory [4], which is now “not acknowledg- 
ed” and rejected by Ivensen (see below). In as far 
as Frenkel’s theory is concerned, there is no doubt 
that it is “a theory based on the self-diffusion and 
fluid flow processes” and that up to the present 
time (since 1949) it has been regarded by Ivensen 
as not corresponding to the experimental facts [5]. 

Now, in accordance with Ivensen’s belief, it is 
also found that Frenkel’s theory “does not cover 
the atomic mechanism of fluid flow of a crystalline 
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material” and “has a semi-phenomenological charac- 
ter”; at the same time, according to this theory, the 
material flow velocity is as if “associated with the 
total concentration of vacancies (and this in the 
semi-phenomenological theory ! B.P.) and not with 
the presence of the vacancies concentration differ- 
ences”. 

There is also a number of new postulates in 
Ivensen’s approach to the diffusion theory. He establi- 
shed “clearly and beyond argument” that “even in 
the presence of a sufficiently high vacancies diffus- 
ion velocity this theory is incapable (?) of bringing 
about a reduction in the pore volume during the peri- 
od when intercommunicating pores are present in the 
material”. Therefore, there should exist a different 
mechanism of sintering during the period of open 
porosity” and consequently it should also exist in 
general. Furthermore, he noticed “a complete lack of 
consistency” between the postulate of the diffusion 
theory that the flow velocity is determined not by the 
total concentration of vacancies but by the difference 
in their concentration, and between the interpreta- 
tion according to this theory that the rapid density 
rise is conditioned by an additional quantity of va- 
cancies created “during the regression process” (it 
is with respect to interpretation of these additional 
vacancies that Ivensen proposes to supplement “the 
semi-phenomenological” Frenkel’s theory). 

There are also “serious doubts” in Ivensen’s mind 
regarding the principal possibility of the appearance 
of directional vacancies streams between two cryst- 
al sections having different equilibrium concentrat- 
ions of vacancies, as judging by the “analogy with 
a non-equilibrium concentration distribution of a 
solid solution component in the volume of a non- 
uniformly stressed material”. 

2. First of all let it be noted that there is no jus- 
tification for the statement that Frenkel’s theory has, 
as if it were, a “semi-phenomenological” character 
and that it does not allow of an atomic mechanism 
of the material fluid flow. That this is so, can be 
proved by the well known Frenkel’s equations [6]: 
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which* establishes a direct dependence of the flow 
coefficient 1/n (n is the viscosity coefficient) in 
function of the self-diffusion coefficient D, i.e. it 
shows that flow is of the diffusional origin and that 
it takes place via a fluctuational displacement of 
the individual atoms. Furthermore, there appears 
directly in equations (1) and (2) also the atomic di- 
mension 6, while equation (2) involves as well the 
atom displacement activation energy A u (r is the 
shortest period of the thermal oscillation of the ma- 
terial). 

Contrary to Ivensen’s opinion, the essence of 
Frenkel’s theory of sintering is such that it makes 
it a diffusion theory beyond any doubt. Besides, it 
is one of the greatest merits of Frenkel, that he was 
one of the first investigators to point out theoretical- 
ly the possibility of fluid flow (creep) in crystalline 
materials by the mechanism of self-diffusion (irres- 
pective of how small the stress values are), since 
up to that moment fluid flow was considered to oc- 
cur only in liquids, while the crystals were thought 
to undergo only plastic deformation setting in at 
stress values exceeding the yield point. 

In the first variant of Frenkel’s theory use was 
made of an identical relationship between the flow 
and self-diffusion coefficients for liquids and sol- 
ids. But, with the help of the self-diffusion theory 
developed by Frenkel and by making use of the ge- 
neral relationships derived from a « omparison of the 
differential equations of the fluid f.ow and diffusion, 
it was postulated later [4] that, in the case of sol- 
idst, equation (1) should have the following form 


(3) 
7 kT .L2 


* The symbols used here and in what follows are the 
same as used, for instance in work |4); co is the equi- 
librium concentration of vacancies, 5 the linear atom- 
ic size, k the Boltzman constant and T the absolute 
temperature. 

Equation (1) remains true for liquid and amorphous 
materials, this being also confirmed by experiment; 
see |4). 


wherein, L is a certain linear dimension of the body 
within which the fluid flow takes place. In addition, 
it was also established that in the case of solids, 
the fluid flow process can be interpreted within the 
framework of Frenkel’s self-diffusion theory, as cor- 
responding to a directional self-diffusion under the 
action of the vacancies concentration difference. 
Thus it is clear, that the “diffusion” theory of sin- 
tering as known at present, combines the original 
variant of Frenkel’s theory with the result of a sub- 
sequent development, as it was also pointed out in 
literature [4]. 

It is rather characteristic that Ivensen avoids giv- 
ing an explanation as to how the “semi-phenomeno- 
logical” Frenkel’s theory is correlated with the tot- 
al concentration of vacancies, this is, with a con- 
crete representation of the atomic mechanism. In the 
equations based on Frenkel’s theory, the shrinkage 
velocity during sintering is determined by the ratio 
o/n. Here, o is the surface tension, under the action 
of which the fluid flow sets in, and according to 
equation (1), 7 is expressed by means of the self- 
diffusion coefficient D, thereby also providing a 
“link with the vacancy concentration” co, as given 
in equation (2). Ivensen makes no mention of this 
source of the link, which proves that Frenkel’s 
theory is essentially a diffusion theory, because 
this fact refutes the “Ivensen’s concept”, according 
to which the “diffusion” theory must be contrasted 
with a combination of the “semi-phenomenological” 
Frenkel’s theory and the “vacancy generation” idea. 
It is clear that this contradistinction lacks consist- 
ency. What is more, it is difficult to imagine, in ge- 
neral, what form this combination of Frenkel’s theo- 
ry with the “vacancy generation” concept could take, 
even provided that there would be no objections to 
this combination of the kind as mentioned above (the 
fluid flow variant under conditions defined by equa- 
tion (1) is true for amorphous materials only, in 
which no “lattice deformations” or excess vacancies” 
are present). As it is known [4], the sintering velo- 
city calculated on the basis of the diffusion theory, 
and with due consideration being given to equation 
(3), (with a linear pore dimension L = 10~ to 10“ 
cm), is 10*° to 10* times lower than that given by 
the Frenkel’s theory (incorporating equation (1). The 
real sintering velocity of “active” metallic powders 
exceeds the corresponding value, calculated accord- 
ing to the diffusion theory, by the order of 2-3 times, 
this fact finding an explanation in an increased 
value of the self-diffusion coefficient because of 
the appearance of excess vacancies in the relaxa- 
tion process. But the sintering velocity calculated 
from the Frenkel’s theory equations exceeds the 
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corresponding experimental value by 5-7 times. If 
the concept of “vacancies generated during the re- 
laxation process” is also taken into account, the 
calculated value of the sintering velocity will ex- 
ceed the experimental value by a still greater marg- 
in and the discrepancy between the theory and prac- 
tice will not diminish but, on the contrary, will be- 
come greater. 

3. On passing to Ivensen’s direct comments on the 
diffusion theory, it is necessary, first of all, to 
point out the unusual nature of his concept of vac- 
ancies. He assumes that “the diffusion of vacancies 
is to some extent (?) analogous to the diffusion of 
atoms with small atomic radii”. But it is impossible 
to deduce from his article, which atoms and with 
how small atomic radii, he has in mind. Nevertheless, 
it is clear that Ivensen ignores the basic fact that: 
a redistribution of vacancies means simply the same 
as the redistribution of the atoms in a crystal. 

Let us now go back to the problem of the appear- 
ance of a stream of vacancies between two parts of 
a crystal having different equilibrium concentration 
of vacancies. 

It is well known that the maximum of entropy is 
obtained in the case of a homogeneous distribution 
of concentration; therefore, a heterogeneous con- 
centration of vacancies does not correspond to the 
condition of a thermodynamic equilibrium in a mater- 
ial. At the same time, even though the whole of a 
body is riot in a state of equilibrium, certain small 
regions of it can have their own “local” equilibria 
established very rapidly, and the approach of the 
whole body to a state of equilibrium can then be 
realized under the action of the chemical potential 
differences at its various points. It is exactly what 
happens during fluid flow (creep), and also during 
the sintering process, which represents the same 
phenomenon of creep under the action of the surface 
tension forces. Because of the different local pres- 
sure values, there will be established in the vari- 
ous parts of the material certain local vacancy con- 
centration “equilibria” and the concentration differ- 
ences thus arising will lead to a diffusion-type 
stream of atoms. These parallel conclusions deriv- 
ed simultaneously from thermodynamic and statistic- 
al considerations, are contested by Ivensen who 
points to a steady variation in the equilibrium con- 
centration appearing in liquids under the action of 
pressure differences (this can also lead to what is 
known as “ascending diffusion”). He affirms that, 


“by analogy”, also in the case of solutions, the 
vacancies will have different concentrations under 


the action of pressure differences, but they will 
only “equalize”, so to say, the pressure differences 


without creating vacancy currents. But, in case of 
the diffusion of atoms, a change in the equilibrium 
concentration (in the presence of pressure differ- 
ences) will arise only if the constituents have dif- 
ferent atomic radii. Under such conditions, there 
will appear a local compression or expansion of the 
crystal lattice at points close to each atom enter- 
ing into solution, which will result in an additional 
increase in the potential energy and, consequently, 
in the thermodynamic potential of the system. If 
different pressure values are present at different 
points of a body, it is possible for a certain reduct- 
ion of the potential energy to occur because of a 
redistribution of some atoms, responsible for a local 
expansion of the crystal lattice, into a region of a 
smaller pressure, or of a part of atoms causing lat- 
tice compression to be redistributed to a region of 
higher pressure. The sign and value of a parallel 
change in concentration will be determined by the 
sign and value of the difference in atomic radii. 

Thus, it is clear that [vensen mixed up two dif- 
ferent phenomena, between which the following dis- 
tinction can be made: 

(1) during diffusion of the atoms of a material, 
the components of which have different atomic radii, 
the local enrichment mentioned above by the atoms 
of one of the components will reduce the potential 
energy of the system, which in spite of the accompa- 
nying reduction in entropy (because of non-uniformity 
of concentration distribution), can nevertheless lead 
to a reduction in the thermodynamic potential of the 
system and thereby ensure equilibrium -type sys- 
tems; 

(2) in the case of vacancy diffusion, however, and 
when the concentration distribution is non-uniform, 
there will be no other changes except a reduction 
in entropy and, consequently, the thermodynamic 
potential of the system must increase, since the con- 
ditions obtaining will be of the non-equilibrium, 
unstable nature. The system will tend to pass from 
this state to the equilibrium condition, which is a 
stable state, by a vacancy redistribution from the 
regions with higher to those with lower concentra. 
tions. It is in this way that a current of vacancies 
will be created, in spite of the fact that it has been 
“refuted” by Ivensen. 

4. One of the most strange of Ivensen’s opinions, 
repeated on many occasions, is his affirmation that 
it is impossible to achieve a reduction in the pore 
volume, in the stage of intercommunicating porosity 
of the material, within the framework of the diffus- 
ion theory. He even provides “proofs” for this pos- 
tulate, but they are, of course fictitious ones. Ac- 
cording to Ivensen: “the direction of vacancies 
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diffusion is determined by the maximum gradient of 
vacancy concentration and this maximum gradient 
occurs between adjacent sections limited by the 
convex and concave surfaces, so that the vacancy 
redistribution will take place only within the mater- 
ial without the pores being emitted from it”. 

The assumption that diffusion occurs only in the 
direction of the maximum gradient is simply untrue 
and it ignores the proportionality of the number of 
the diffusing particles, not only to the gradient, al- 
so to the size of the surface area through which the 
diffusion current passes. 

It should also be emphasized that the difference 
in vacancies concentration (gradient) depends, in 
general, not on the surface curvature but on the pres- 
sure distribution. In as far as this latter is concern- 
ed, the surface tension “pulling together” the inter- 
nal pore surface, leads to the appearance, at the 
contact boundary of various grains, of certain forces 
directed from the surface of the body inward into the 
pores, quite irrespective of whether the grain sur- 
face is convex, concave or flat, as well as independ- 
ently of whether the pores are open or intercommuni- 
cating. Its due to these forces that there always ap- 
pears in the vicinity of pores a “negative pressure” 
leading to a local increase in the concentration of 
vacancies. As it is well known, this “negative pres- 
sure” is created especially with pores of the poly- 
hedron form, which are bounded by flat surfaces, ie. 
in the absence of concave or convex surfaces; it is 
due to the presence, at the contact points between 
surfaces of the grain faces, of surface tension forces 
directed inward into the pore. It is true that close to 
the individual surface sections that are convex in 
shape, the pressure created is not negative but posi- 
tive, but this pressure is responsible for the creat- 
ion of local currents only changing the pore shape 
(removing the convexity of the surface sections). At 
the same time, a current of atoms from the externai 
surface of the body to a given pore, which brings 
about pore agglomeration, is determined by the mean 
value of the pressure near the pore; but this pres- 
sure is almost always negative in practice, because 
of the effect of the forces mentioned above. It is in 
this way that pore agglomeration is brought about, 
including also the open type of pores, by the me- 
chanism of atomic diffusion, or if this is difficult, 


then by the mechanism of fluid flow (diffusion creep). 


It is obvious that, in the case of intercommunicat- 
ing porosity, apart from the volume diffusion, it is 
also possible to have the surface diffusion setting 
in, which contributes still further to sintering ac- 


celeration. 
If the mean pressure near a pore had a positive 


value, the effect of surface tension would be to 


“extend” the pore instead of “pulling it together”, 
so that the pore volume would increase “spontane- 
ously” under the action of surface tension forces in 
addition to changing its shape. This would lead to 
a “spontaneous” increase in the free energy of the 
system, which is, of course, impossible from the 
thermodynamic point of view. It should be emphasi- 
zed that the conclusions given above are not new. 
It was reported in the technical literature a long 
time ago, that surface tension always develops a 
pressure thatis distributed in such a way it dimini- 
shes the size of the surface area. 

Ivensen’s “discovery” of a “completely obvious 
inconsistency” between the presence of a difference 
in the vacancy concentrations, determining the dif- 
fusion current, and the appearance of additional 
vacancies during the removal of crystal lattice defor- 
mations is also illogical. In his opinion, according 
to the diffusion theory the additional vacancies 
should, as if it were, migrate from the body toward 
the surface of the material, so that in their pres- 
ence there should be not an increase but a reduction 
in the pore volume. Here Ivensen substituted im- 
perceptibly the concepts of the additional vacancies 
appearance in the relaxation process, as developed 
in investigations carried out in U.S.S.R. [4] by the 
“widely known postulates of vacancy generation, 
put forward mainly by Seitz, Frank and by other met- 
allurgical physicists” whose views he follows. But 
the net result of this approach was to omit the pos- 
tulate formulated in work [4], according to which 
during the removal of “crystal lattice deformations” 
there appear, in a number identical with that of the 
additional vacancies, also additional atoms in the 
crystal centres. 

It should be pointed out here that model studies 
of the appearance of additional (excess) vacancies 
during the relaxation process give concepts that are 
applicable not only to the sintering phenomenon. 
Such concepts define variations in all diffusion- 
type processes (e.g. recrystallization, hetero-dif- 
fusion, solid phase reactions, etc.), occurring during 
the removal of “lattice deformation”, corresponding 
to a considerable increase in the diffusion coeffi- 
cients and manifesting themselves in the state in- 
termediate to the establishment of a full equilibrium. 
The full equilibrium state in a crystalline body is, 
of course, achieved after the removal of stresses 
when all the atoms occupy their correct positions 
in the lattice centres. But during the intermediate 
stage, the crystal will have some volume regions 
with either an excess or a deficient number of atoms 
(+ and — dislocations). After all the atoms have 
occupied the crystal centre positions in all such 
volume regions, with the consequent appearance of: 
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(a) atoms interstitial and () of additional vacancies, 
the diffusion of vacancies will lead, in the end, to 


their replacement by the atoms remaining in the cen- 
tres, i.e. there will be a complete restoration of the 


lattice; during the period, when the “meeting” of the 
vacancies and atoms has not yet occurred in the 
centres, the crystal will contain additional vacan- 
cies, which accelerate self-diffusion (in addition 
there will also be practically stationary interstitial 
atoms). It follows from the above that the additional 
vacancies, of the origin here considered*, cannot 
leave the body since this would inhibit the re -stabli- 
shment of a full equilibrium in the body, then: sur- 
plus interstitial atoms would be present in the crys- 
tal excess to the equilibr:um number. Of course, in- 
dividual thermal fluctuations are possible, in conse- 
quence of which some of the surplus vacancies will 
leave the body through its surface, but, in such a 
case, the vacancies will rapidly arise on the surface, 
since owing to the excess atoms in the crystal cen- 
tres, which will “push apart” their closest neigh- 
bours, the surface of the body will become extend- 
ed and the energy of vacancy formation close to 

such points will be reduced. 

Furthermore, onz should also bear in mind a rather 
obvious conclusion that the presence of a uniformly 
distributed additional vacancies in a body will chan- 
ge neither their gradient nor their concentration dif- 
ference, since grad (c + a) = grad c and (c, + a) — 
(c, + a) = c, — c,, if a = constant. A current of all 
the vacancies, including the basic and additional 
ones, will arise under the action of the gradients 
present inside the specimen body, which, of course, 
corresponds to an acceleration of the internal dif- 
fusion (the self-diffusion coefficient D will be in- 
creased because in equation (2) we shall have, ins- 
tead of co, the factor € > co). But only the excess 
vacancies will emerge from the body, this is, the 
coefficient of surface diffusion (see: [4]) will remain 
unchanged. However, the coefficient of surface dif- 
fusion is, in practice, extremely high and it is not 
limited by the velocity of sintering. We considered 
a finite value of the surface diffusion coefficient in 
our calculations, as reported in work [8] only; in 
our work [4], however, it is considered as equal to 
infinity. 

Thus, Ivensen’s statements as outlined above 
disagree with the real contents and conclusions 
based on the diffusion theory and they amount to 


* As distinct from the excess vacancies obtaining, for 
instance, in uni-polar heterogeneous diffusion; 


see [4]. 


189 


nothing more than a replacement of concepts develop- 
ed in work [4] by postulates formulated by foreign 
investigators. 

5. After a consideration of the above points, there 
is no sense whatever in a further analysis of the 
contradictions and internal inconsistencies inherent 
in the various assumptions made by Ivensen, simply 
because they are untrue. But a few more points re- 
quire refuting. (a) The author claims that it is in- 
correctly stated in Pines’s article published in U.F. 
N. [4] that the two constants entering the Ivensen’s 
empirical equation (defining the course of volume 
variation in function of time) vary from specimen to 
specimen. In fact, as Ivensen puts it “compacts ma- 
de from one and the same powder (!) show an ident- 
ical pore volume variation in a certain range of the 
initial densities, quite irrespective of the duration 
of sintering. 

It is said in Pines’s article that: “The empirical 
values of the two constants m and q were found to be 
integral numbers varying from specimen to specimen. 
The temperature dependence of m and q and the re- 
lationship with the method of treatment were not ex- 
amined”. The second sentence shows clearly that 
what is meant in the first sentence is not an ordin- 
ary variation but the law of variation of the two cons- 
tants (relationship with treatment and the tempera- 
ture dependence). Thus, Ivensen’s claim is unjusti- 
fied, the more so, since according to Ivensen’s own 
words, the compacts made from various powders 
have different constants, and there is no doubt that 
we are dealing here with different specimens. 

(b) Ivensen gets involved in the problem of the ne- 
cessity of taking into account, in defining the kine- 
tics of isothermal sintering, of the effects occurring 
during the period of heating and before the establish- 
ment of a constant temperature. The contraction ve- 
locity constants cannot be independent of the method 
and duration of heating up to the temperature of iso- 
thermal sintering, because the process depends on 
the kinetics of the crystal lattice stress relaxation. 
It is difficult to say a priori about the Ivensen’s 
empirical equation, whether it will apply also to 
other heating conditions, since this has not been 
checked experimentally, as yet. The character of 

all purely empirical formulae is such that, of course, 
it is impossible to say whether they will change at 
all, and in what way, under different experimental 
conditions. Therefore, Ivensen’s insistence on the 
general nature of his equation cannot be based on 
the fact that it was found to be correct for a parti- 
cular heating regime, even though the heating dura- 
tion is as long as 50 hr. It must be proved by ex- 
periment whether the equation applies also to differ- 
ent heating conditions, for instance, for an isothermal 
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maintainance at different temperatures during a step- 
like heating. Our experimental data show that this 

is not the case. It should also be emphasized that 
Ivensen gives no data at all, for the variation of the 
constants in his equation in function of temperature. 
(c) Ivensen continues to claim his authorship regard- 
ing the question of giving due account to the effect 
of crystal lattice deformation on the sintering kine- 
tics, and refers the reader in this connexion to his 
lecture presented at the 1949 MONITOMASH confer- 
ence. Although it is not the usual practice to refer 
to unpublished materials in disputed cases, we do 
not wish, in any way whatever to doubt, this parti- 
cular Ivensen’s communication. But, it might be ad- 
ded for the sake of accuracy that the paper present- 
ed at the 1949 MONITOMASH conference by the au- 
thor of the present paper, did not deal at all with 
“magnesium oxide sintering”, as Ivensen describes 
it, but its title was “On the laws of sintering in 
single phase systems”. The content of this paper 
was since published [9]. The sintering of active mag- 
nesium oxide, obtained by low temperature decompo- 
sition of the carbonate, was done by us only as an 
example of the effect of “activity” due to the pres- 
ence of crystal lattice defects on the kinetics of the 
sintering processes. 

Furthermore, it should be also pointed out that the 
effect of lattice deformation, and of the preliminary 
thermal treatment of metal powder, on the sintering 
kinetics, was elucidated in technical literature long 
before the works of Ivensen (see, e.g. [10]. There- 
fore, there is no basis for considering Ivensen as the 
initiator of the idea that the presence of crystal 
“lattice defects” can be used for explaining an in- 
crease in the velocity of sintering, although it may 
be that, as he claims, he established this effect 
quite independently. 

(d) It is impossible to pass without comments Iven- 
sen’s statements in which, in order to “prove the in- 
correctness” of the diffusion theory of sintering, he 
affirms that “a lot remains still unknown in the 

field studied” and that “elementary processes, the 
mechanism of which is as yet unknown” may be in- 
volved in the sintering phenomenon, as well the af- 
firmation that “there is still no sufficiently wide and 
serious evaluation of the investigations concerning 
the diffusion theory, which created an illusion of 
having solved this problem thus removing the stimu- 
lus for the search for a correct theoretical solution 
of the problem of sintering and creating a position 
dangerous in as far as a further development of the 
theory is concerned”. 

The references to “unclear” and “lacking inter- 
pretation” can mean only the rejection of the nega- 
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tive thermal motion of atoms, since this leads una- 
voidably to high temperature sintering by the mecha- 
nism of self-diffusion. Ivensen should have stated it 
in a direct way so that his opinion could be asses- 
sed according to its merit and classed as being, in 
fact, based on his “doubt” with respect to atoms 
migration at high temperatures. 

In as far as “the lack of a sufficiently wide and 
serious assessment of works on the diffusion theory 
is concerned, we can say that it is also far from 
truth just as the other Ivensen’s statements com- 
mented upon previously. Results of investigations 
on the diffusion theory of sintering have been publi- 
shed during the last ten years and were subjected on 
many occasions to evaluation at various scientific 
conferences, including also special conferences on 
sintering. These works have been referred to in many 
publications in the U.S.S.R. and abroad. 

There is no doubt, however, that the results of the 
above evaluations of the diffusion theory of sinter- 
ing are not of the kind that Ivensen would like to 
see. As the diffusion theory gets further developed, 
its position will improve. The reason for it is that 
the theory is supported by numerous facts and, al- 
though some time may as yet elapse before its final 
form will be postulated, it provides a successful, 
though in most cases, as yet, only a qualitative in- 
terpretation of many experimental relationships. 
Ivensen regards sintering as an exclusive and almost 
secret phenomenon, still hiding a lot of “uninterpret- 
ed facts” and with the present day state of science 
development being capable of only a phenomenolo- 
gical description. But, the interpretation in the terms 
of the diffusion theory is that sintering closely re- 
sembles other phenomena based on self-diffusion and 
on hetero-diffusion, such as for instance, recrystal- 
lization, creep, solid phase reactions, etc. In ac- 
cordance with the diffusion theory, it is shown, for 
example, by practical tests that the same “crystal- 
line lattice defects” which cause an acceleration of 
sintering, have a similar effect on all the diffusion 
processes. Thus, although Ivensen says nothing (or 
does not know it) his limitation to the phenomeno- 
logical concepts is contradicted by experimental 
evidence. Of course, the diffusion theory still re- 
quires the working out of details and it will be further 
developed. It involves a number of unsurmountable, 
as yet, difficulties. But such difficulties have no- 
thing to do with Ivensen’s assessment, which is 
based on an incorrect analysis of its essential prin- 
ciples. 


CONCLUSIONS 


It has been shown on the basis of a detailed 
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analysis that Ivensen’s postulates with regard to the 
diffusion theory of sintering, as well as his interpre- 
tation of the viscous flow theory of Frenkel, contra- 
dict the actual meaning of the theories in question 
and lead to an incorrect evaluation of the conclus- 
ions derived on their basis. 

It is proved that, contrary to [vensen’s opinion, 
the diffusion mechanism of sintering is fully operat- 
ive during the period of intercommunicating porosity. 

The explanation of the high rate of density increa- 
se as occurring in the process of removal of crystal 
lattice deformations, by postulating the formation of 
additional vacancies is not at all contradictory with 
respect to the assumption that the flow velocity of a 
powder is determined by the gradient (difference) of 
the vacancies concentration. 

In the case of a non-uniformly stressed crystal- 
line material, there appears not only a non-uniform 
concentration of the vacancies, but there must also 
be created vacancy currents, which correspond to a 
transition of atoms conditioned by the “material 
flow”. 

Frenkel’s theory is not semi-phenomenological 


l. B.la. Pines, Fiz. metal. metalloved., 
2, 380 (1956). 

2. V.A. Ivensen, O diffuzionnoi teorii spekaniia 
(On the diffusion theory of sintering), Fiz. metal. 
metalloved., see present issue. 

3. V.A. Ivensen, Symposium on “Voprosy poroshkovoi 
metallurgii” (Problems in powder metallurgy ), 
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“ELECTROTECHNICAL IRON® OR “STEEL” ?* 


R.I. IANUS 
Metal Physics Institute, Urals Filial, U.S.S.R. 


Iron with its alloys, as used in the role of active 
materials in magnetic circuits of electrical machines 
and equipment, has always, in the past, been re- 
ferred to as iron and not as steel. This has been the 
case both in speech and in technical writing: in or- 
der to prove that is is so, it is sufficient to glance 
at some technical journals, monographs or textbooks 
dealing with electrical technology, metallurgy or met- 
al an ay and published some 20 to 30 years ago 
[1-3]. 

Even today, the term “iron” is still very widely 
used in every-day life at all electro-technical and at 
the majority of metallurgical works, but in technical 
literature the use of this term is gradually being 
avoided and the word “steel” is given preference. 
To our knowledge, nobody has ever published the 
results of a thorough analysis of this problem and no 
proofs have been given of a scientific, or any other 
for that matter, inconsistency of using the word 
“iron” for representing the above group of metals: 
what ectually happened is that a “fashion” appeared 
suddenly, the adherents of which began to regard it 
as undignified to use the word “iron” (which might 
be regarded as a lack of culture) and the term “steel” 
began to be employed not only where it quite correct- 
ly should have been used, or where to some extent 
it is synonymous with iron, but also in cases where 
it just does not fit. 

Thus, for instance, Bessonov called his well- 
known monograph [4] “Steel electrical circuits”, 
although this monograph deals in fact with the ferro- 
magnetic circuits theory. There is thus a clear dis- 
crepancy between the title of the book and its actu- 
al contents: many ferromagnetic materials (nickel, 
cobalt, and their alloys, as well as ferrites, etc.) 
cannot be described as steel, and some steels are 
not ferromagnetic (austenitic steels). Instead of the 
term “steel”, it would have been advisable in this 
case to use the term “iron”, in a somewhat expand- 
ed, arbitrary senset (which in this case is quite 


(Received 12 December 1957) 


admissible), or alternatively to use the term “ferro- 
magnetics”. 

An example of “overdoing” the fashion was given 
by Chernyshev, Chernysheva and Chechurina, who 
in [5] employ the term “steel” for an alloy consisting 
of 80 per cent nickel (i.e. a material which is neither 
iron nor steel); the same misrepresentation is used 
also in “Machine Construction Bulletin” [6]. 

An example of a complete loss of direction in this 
respect was given by Neiman who, in describing his 
investigations on transformer iron and on two types 
of non-alloyed steel [7] refers to the first of these 
as steel and the second and third as “iron alloys 
with 0.28 per cent and 1.78 per cent carbon, obvi- 
ously thinking that the word “steel” is unsuitable 
for these materials (although both of them represent 
the “classical” s'eel). Such examples can be quoted 
at will. 

How did this fashion for the word “steel” originate? 
It came obviously from the jargon of metallurgists 
who classify metals according to the method of their 
manufacture: the product of a smelting process is 
called cast iron and that of a steelmaking process 
is called steel. Since however no special “iron smel- 
ting” process is used in modern metallurgical works 
and “iron” is produced by the sam process as 
“steel”, the term “iron” became “surplus” in this 
jargon. 

The use of a jargon of this type is admissible to 
a certain extent in the field of metal manufacture. 
But in the majority of other branches of technology 
and science (in electro-technology, machine cons- 
truction, etc.) it is not the method of metal produc- 
tion but its properties that are of a paramount im- 
portance. For these reasons, the classification and 
terminology of metals in fields wider than the “in- 
ternal” metal production field of metallurgy must be 
based on a deeper and more comprehensive analysis 
of the problem. 

A lack of appreciation of this problem resulted in 


* Fiz. metal. metalloved. 6, No. 2, 382-385, 1958. 
t The use of the term “iron” as a group name for all ferro- 


magnetic materials is quite correct (it is widely used) 


because the term “ferromagnetic” also stands for a com- 
bination of magnetic properties, analogous to those pos- 
sessed by iron (ferrum). 
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the expansion of the production jargon far beyond 
the limits of its acceptibility. In particular, in the 
past 10-20 years, this jargon got a foothold in tech- 
nical standards for iron and its alloys: the term 
“iron” has been scrupulously removed from them, 
even in cases where it was invariably used as such 
in the past and where its use is clearly advisable. 
For instance, not only all types of machine iron, but 
also the light sheet iron for tins etc., are referred 

to as steel in the recent standard specifications. Even 
such material as the special electro-technical iron 
(Armco iron), is called in the standard GOST 3836- 
47 [8] low-alloyed steel, although carbon and other 
constituents present in it are really impurities, which 
lower the quality of the material and the actual 
amount of which never exceeds the maximum limits 
set in the standard specification GOST 5200-50 

[9], as applicable to pure metals*. The term “iron” 
has also disappeared from the standards for the ge- 
nerator and transformer iron. 

This trend in the technical standards served only 
to emphasize still further the “fashion” for “steel”. 
There is no doubt that this general tendency for 
replacing the word “iron” by the term “steel” is evi- 
dent even in cases where there is not only justifica- 


tion for such a substitution but also where it leads 
to contradiction of the sense of these terms as used 


in other branches of science and technology, with 
the r-sult that it hinders the development of a high- 
er quality of our technological and scientific liter- 
ature and, therefore, it must be resisted. For doing 
so, it is necessary, first of all, to define the cor- 
rect meaning of the terms “iron” and “steel” and to 
free them of the influence of “fashion”. 

Clearly, in order to do so, the consideration of 
this problem must be based on a concrete situation 
involving the use of the two terms. For example, in 
the branches of technology where only the mechanic- 
al properties of metals are of interest, the various 
grades of machine iron are synonymous within a 
wide range with the “soft” grades of steel (instead 
of iron it is possible to use almost always a “soft” 
steel), and hence it does not make much difference 
whether the material is called iron or steel. 

A completely different situation arises, however, 


with electro-technical steel t. In years gone by, only 
a very pure iron, almost free of all impurities, was 
used for this purpose; this type of iron has retained 
even today its role as an important electro-technic- 
al material. Its replacement even by machine iron, 
which is however less pure, would in most cases 
lead to a deterioration in the quality of the products, 
while the possibility of its replacement by even the 
“softest” grades of steel still capable of hardening*t 
is almost always remote. 

This material is called, quite correctly, electro- 
technical iron and not steel; this terminology was 
generally accepted until quite recently, when the 
excessive popularization of the term “steel” in 
standard specifications began to change it. 

Is there a sufficient reason for this departure from 
the usage that is historically established and deeply 
rooted in the field of scientific terminology ? Is it 
correct to assume that the term “steel” covers com- 
pletely the meaning conveyed by the word “iron” ? 

The following definition of the term “steel” is re- 
commended in the standard specification GOST 
5200-50: 

“By the term steel is understood a ferrous alloy 
with a carbon content up to 2 per cent”. 

It should be remarked that, according to GOST 
5200-50, the term alloy should be applied not to any 
metal containing certain impurities (as it is done by 
some metallurgists) but only to such alloys in which 
the admixture is introduced intentionally so as to 
achive a certain improvement in the metal proper- 
ties. According to this definition, iron containing 
any admixtures (including also carbon) should not be 
referred to as steel provided that such admixtures 
have nothing to do with the actual purpose of the 
material. A non-alloyed iron to be used for electro- 
technical purposes as specified in GOST 3836-47) 
has still less claim to the term “steel” (it should 
not be called steel according to GOST 5200-50), 
since in this case all alloying elements are not only 
unnecessary, but are even deleterious'tt. 

On passing to a consideration of the generator and 
transformer iron, it is necessary to bear in mind that 
the magnetic properties of a non-alloyed electro- 
technical iron are not separated by any sharp 


* The standard GOST 5200-50 defines a metal as tech- 
nically pure (mesn metal purity) if it contains 0.1-1 
per cent of impuri:.es. It is also recommended there 
that the following definition be used of “iron”: 

The metal iron consists of the chemical element (Fe) 
and of other chemical elements entering into its com- 
position but only as admixtures of impurities. 

Note: In iron, C is an impurity. 


t The electro-technical iron should not be confused with 
special grades of steel which are used in the manufac- 
ture of permanent magnets for various purposes (mainly 
electro-technical): In this case the term “electro-tech- 
nical steel” is fully justified. 

tt It should be emphasized that the classical difference 
between iron and non-alloyed steel was (and still is) 
(continued on the next page) 
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dividing line from those of iron of an identical degree 
of purity, used also for the same purpose but alloy- 
ed with silicon, aluminium or similar elements, which 
do not disturb the ferritic structure of the material: 
they vary continuously during the alloying in such 

a way that the iron grades with different degrees of 
alloying, including also the non-alloyed electro- 
technical iron, are mutually exchangeable within a 
very wide range. For this reason the term “electro- 
technical iron” should quite correctly be extended to 
embrace all the ferrous alloys mentioned above, just 
as the term “machine steel” is often applied (and 
quite correctly) to those grades of machine iron 
whose mechanical properties lie close to the 
properties of the machine steel grades. Extensive 
practice proved the acceptability of this terminolo- 
gy: up to some time ago (before the term “steel” has 
been dragged in to denote iron and its alloys), both 
the generator and transformer iron grades were call- 
ed iron; this caused no inconvenience and no mis- 
interpretation and, indeed, no valid reason is appar- 
ent for the break with this traditional terminology. 

The term “non-alloyed iron” is regarded by some 
people as quite unnecessary, since its meaning ap- 
pears to be analogous to that of “steel”. This point 
of view (followed in GOST 5200-50 standard speci- 
fication) reduces the difference between iron and 
steel to a difference in the chemical composition 
only, while the difference in the phase composition 
is fully ignored. However, it is well known that, in 
as far the magnetic properties of iron and its alloys 
are concerned (as well as the mechanical properties 
and many other characteristics), the phase composi- 
tion is more relevant than the chemical composition: 
for example, test specimens of steels of an identic- 
al chemical composition, but with different phase 
composition, show, as a rule, an essential differ- 
ence in their properties. 

The structure of materials known today as “steel” 
contains, as a predominant phase, either austenite 
or martensite or their decomposition products (troos- 
tite, sorbite, pearlite); the structurally-free ferrite, 
as a predominant part of the mixed microstructure of 
ferrite and pearlite, is present (and is permitted) 
only in the steel grades, which in fact pass into 
iron and to which the term steel could be applied 


as an alternative to “iron” only since they contain 
the minimum pearlitic constituent required for en- 
suring the desired mechanical strength properties 
for any particular application of the material in 
question. 

As distinct from all present-day steel types, and 
apart from the transition grades in the sense men- 
tioned above, all grades of the electro-technical 
iron have, quite irrespective of their degree of alloy- 
ing, a structure of continuous, or almost continuous, 
ferrite; pearlite or the structurally-free cementite 
is found in them (and is permitted) only as a result 
of imperfectness in the production method (just as 
carbon is found in molten state) and it leads to a de- 
terioration in the magnetic properties required of a 
given type of material. The use of the term “steel” 
to denote the alloyed types of these materials is 
incapable of indicating the rather essential intern- 
al nature of the material of a given type and it does 
not point it out (it even draws attention away from 
it), whereas the term ‘alloyed iron” defines it clear- 
ly and accurately. 

The following definitions can be made of the terms 
“alloyed iron” and “steel” in the light of the above 
concepts: 

By “alloyed iron” is understood iron with alloy- 
ing elements, in the structure of which ferrite pre- 
dominates at the service temperature, and in which 
the remaining structural constituents (cementite and 
other carbides, austenite and martensite) are neither 
necessary nor desirable. 

By “steel” is understood a ferrous alloy with a 
carbon content of up to 2 per cent, in the structure 
of which all the constituents other than ferrite (aus- 
tenite, cementite and other carbides) are necessary 
for obtaining the desired properties. 


Translated by H. Cygielski 
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the capacity of steel for hardening (martensitic trans- 
formation) already at such moderate cooling rates as 
used under industrial conditions. Although a thin iron 
plate can, under special (laboratory) conditions, be 
subjected to martensitic hardening even though it con- 
tains only 0.1 per cent carbon, this possibility is 


hardly worth considering in an attempt to define a 
practical limit between iron and steel. 


ttt A mitigating circumstance in favour of the authors of 
GOST 3836-47 is that their work was prior to the issue 
of GOST 5200-50. 
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THE STABILITY OF A NON-UNIFORMLY HEATED ELECTRICALLY 
CONDUCTING LIQUID IN A MAGNETIC FIELD* 
E.M. ZHUKOVITSKII 
Permsk State Pedagogic Institute 
(Received 4 January 1957) 


As is known [1], a liquid heated from below in such a manner that a constant, uniform, vertical 
temperature gradient is set up in it, can be in a state of equilibrium. This equilibrium is only stable 
for small temperature gradients; if the temperature gradient attains some critical value, motion of a 
certain type develops in the liquid. There is a sequence of increasing critical gradients; when each 
of these is exceeded the equilibrium of the liquid becomes unstable with respect to corresponding 


perturbations. 
If the liquid is electrically conducting (molten metal, electrolyte) and is situated in a magnetic 


field, then movements within it produce induced electrical currents, the interaction of which with the 
field may have a substantial effect on the type of motion. The conditions under which convective mo- 
tion is produced in an electrically conducting liquid can also be substantially dependent on the mag- 
netic field; in particular, the presence of a magnetic field may modify the values of the critical gra- 


dients and the nature of the critical motions. 
Other workers [2,3] have studied the stability of the equilibrium of a plane lamina of electrical- 


ly conducting liquid heated from below, in the presence of a magnetic field (these papers are magneto- 
hydrodynamic extensions of the well-known Rayleigh problem [4,5]; see also [6], pp. 263 and 266). 
Investigation has shown that a magnetic field increases the stability of the equilibrium: convection 

is set up at higher temperature gradients than without the field. 

In the present work a study is made of the inception of convective movement in an electrically 
conducting liquid in the presence of an external magnetic field, in an infinite vertical cylinder (the 
corresponding problem for the case when the field is absent, was solved by Ostroumov 7]; see al- 
so [6], p. 267). The paper also includes a qualitative discussion regarding the manner in which dis- 


turbances develop. 


BASIC EQUATIONS 


The convection equations for an incompressible electrically conducting liquid in a magnetic 


field take the form 


2 —- + + (74, | 
ot Po Pol 


oT 
+vVT = AT, 


divv =0. 


To the system (1) — (3) must be added the Maxwell equations 


* Fiz. metal. metalloved. 6, No. 3, 385-394, 1958. 
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Stability of a conducting liquid in a magnetic field 


and Ohm’s law for a liquid in motion 


(7) 


Here,v is the velocity of the liquid, T the temperature, p the pressure, j the electrical current dens- 
ity, E and H the electrical and magnetic field intensities, p, the density of the liquid, 8, v, y, 0 
the coefficients of thermal expansion, kinematic viscosity, thermal conductivity and electrical con- 
ductivity, » the magnetic permeability, c the speed of light, g the gravitational constant and y a 


unit vector directed vertically upwards. 

It will be assumed, as usual, that quasi-stationary conditions are satisfied, al that therefore 
the displacement current can be neglected in comparison with the conduction current. It will also 
be assumed that those terms in the thermal conduction equations which refer to viscous dissipation 
and the Joule heating effect, can be omitted. All the electro-magnetic values in the equations are 
written in Gauss units*. 

In the condition of mechanical oquilileien 2 v= = 0, T= To, p = Poy Gu 0; the intensity of the con- 
stant external magnetic field will be denoted by Ho Since the liquid is motionless, j = 0. Then from 
equation (1) it can be seen that the condition for mechanical equilibrium to be possible is the same 
as in the case when there is no magnetic field [1], namely the temperature gradient in the liquid is 


constant and vertical. 


Act. 


Let there arise in the liquid a slow movement with a velocity of v and corresponding perturbations 
in respect of temperature, pressure and field intensity; let the density of the electrical current thereby 
set up be /. Substituting in the equationg, instead of velocity, current density and electrical field in- 
tensity the small perturbations v, j,and £, and in place of temperature, magnetic field intensity and 
pressure the values 7, + 7, Ho +H , and po +p, and rejecting terms containing squares of the perturba- 


tions, we obtain 


=A + xAT, (9) 


“Ot 


* The magneto-hydrodynamic equations are discussed in detail in a number of sources; see, for example, [3, 8 
and 


2 
4x > 
retH = (4) 
rotE = (5) 
div H =0 (6) 
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(10) 


The remaining equations are lineag and retain the same form. E and j can be eliminated from the 
system of equations. To do this, E must be found from (10) and aera in (5); 7 can be replaced 


throughout by c/4z.rot H. We shall then have 
= (My) 0+ 
In place of (8), using the relationship 


[rot(H, (HoH) H, 
we obtain 


oft) +vAv + BgyT + (Hy) 


To (12) 


We now introduce dimensionless factors, taking for unit length, the characteristic dimension of 
the cavity R, and for unit time R?/v. The units of temperature 7,, velocity v, and wp field in- 


tensity H, are so selected that the coefficients of the terms on the right-hand side of (9) shall be 
identical. ‘This gives 
A,R* 


A similar manipulation in respect of (11) leads to the condition 


c? 
4musRH, 


Retaining the earlier symbols for the dimensionless factors, we find 


=—y(p + M'aH) + Av + Ra + M*(ay)H, 


+ AT, 
=(uy)v + AH. 


Here @ is a unit vector, directed parallel to Hos 


3 
j=o(E +4] 
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g3A,R4 


Ra=P. G= 


is the product of the Prandtl and Grasshoff numbers (the Rayleigh number), 


M=~ 


is the so-called Hartmann number and 


The parameter P is a characteristic of the properties of the liquid; thus, for mercury, Py is approx. 
10°’. 


REMARKS ON THE POSSIBILITY OF OSCILLATORY MOTION 
ON HEATING FROM BELOW 


Equations (13) - (15) are linear and must therefore have a solution which depends on time by the 
law e—@t, where w, generally speaking, is a complex number: @ = w, + i @,. The liquid will be in 
stable equilibrium if @, > 0; in which case disturbances occurring in the liquid will be damped out. 
When , < 0, disturbances will develop. To find the critical condition w, must be put equal to zero. 
In the paper by Sorokin [1] a general study is made of the equations for the case when there is no 
magnetic field. In this paper it is shown, in particular, that for heating from below (A, > 0), w, = 0, 
i.e. that oscillatory motions near the state of mechanical equilibrium are impossible — a disturbance 
either increases non-reversibly or dies away. 

We shall attempt to show, following reference [1], whether oscillatory motions are possible in 
the presence of a magnetic field. Putting v, H, ¢ and p proportional to e—@t, we obtain equations for 
the “amplitude” of the oscillations: 


Vip + M?aH) — rot rotu-++Ra 77 +M*(ay) H, 
—wPT AT, 


= (ay) v —rotrot H. (18) 
We multiply both sides of each of these equations by the complex conjugates v*, T*, H* and inte- 
grate over the volume of the liquid; wherever necessary, this integration must be carried out by 
parts*. On removing the complex conjugates from the equations obtained, we find: 


* To integrate the last term in (16) use is made of the relationship 


(continued on the next page) 
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o* —o) dd*dV = Ra | + 


+ M? \[H* (ayyo— H (ay) dV, 


P(w* —o) | TT*dV = | — o*T)dV, 
0) | HH*dv = [H* (ay)v— H (ay) av. 


It should be noted that on integrating the expression [H*, rot rot H], the surface integral {[H*, 

rot H] dS is formed. Perturbations of the magnetic field, generally speaking, penetrate into the 

wall confining the liquid, so that H at the boundaries of the cavity cannot be neglected, and the sur- 
face integral cannot be equated to zero. However, if it is asgumed that the walls of the cavity are 
ideally conducting (H fe dS; E and consequently * rot H || dS, conditions put forward by Fermi (see 
[10] or [8], p. 96) ), or that H disappears atthe surface (see Note 5), then the surface integral becomes 
zero. From (19) - (21) we obtain 


(o* —o) + Ra P- TT*)dv— MP, | HH*dv| = 0. (22) 


Since the square bracket in (22) can be shown to equal zero, no conclusions can be drawn from (22), 
in the general case, as to whether w is real. However, it can be deduced for the case of small values 
of parameter M?P,, (for given parameters of the liquid, this means that //, is small). In fact, as M?P 
approaches zero, the last term in the square brackets disappears and the entire bracket becomes po- 
sitive beyond some value of M?P,,, since the first integral has a limiting value; in other words, 

w* — w = 0, or w, = 0. If the dimensionless perturbations are first-order quantities, as can be seen 
from expressions (16) - (18), then w is real when M?P,, < 1. 

For mercury, for example, P,, is approximately 107’; oscillations therefore arise when M? is ap- 
proximately 10°. If the characteristic dimension of the cavity is of the order of a few centimetres, 
this value of M corresponds to magnetic fields of the order of 10° gauss. Thus, under laboratory 
conditions, oscillations will not arise when mercury is heated from below. 


(continued from previous page) 


whence 


| (av) HaV = —J A Gay) 


* At the boundary y= 0 and consequently 
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Perturbations which occur under such conditions will either be damped out or grow non-revers- 
ibly. To find the critical conditions for this case, equations (16) - (18) must be solved, putting w = 
@, = 0. We note that the investigation in [2,3] of the stability of equilibrium in a plane lamina of elec- 
trically conducting liquid in a magnetic field, was carried out under the assumption that w is real. 


THE SETTING UP OF CONVECTION IN A VERTICAL CYLINDER 


We shall consider the setting up of convection in an electrically conducting liquid, contained in 
a linear vertical cylinder, when heated from below. The constant magnetic field Ho is directed perpen- 
dicularly to the cylinder axis along the y axis (the x and y axes lie in the horizontal plane and the z 
axis points upwards, parallel to the cylinder axis). The cylinder walls are taken to be non-heat-con- 
ducting dielectric. To find the critical motions, equations (16) - (18) must be solved, putting w = 0. 
The boundary conditions for velocity and temperature are normal; at the cylinder walls 


As is known, at the boundary 


(j” is the normal component of current density in the surrounding mass, j, that in the liquid, and 7 
the surface charge density). Since we are disregarding the displacement current, 


In the dielectric mass jm = 0, so that at the cylinder walls 


(rut H), =0. (24) 


In the case when there is no magnetic field, the minimum critical gradient corresponds to motion 
of the liquid parallel to the cylinder axis. The cylinder is then as it were divided into two halves by 
a vertical surface, motion being upwards in one half and downwards in the other; the direction of the 
surface of separation is arbitrary (see [7] and also [6], p. 267). In the case when there is a transverse 
magnetic field, the orientation of the surface of separation will cease to be arbitrary. Therefore, in 
considering as before motions of the liquid parallel to the cylinder axis, in the presence of a field it 
is necessary to study two cases: 

(a) the vector Ho lies in the surface of separation; 

(b) the vector H, is perpendicular to the surface of seeinilin. 

With the intention of solving the problem by the Galerkin method [11], we can put in the first case 
v, = f (r) cos ¢ and in the second v; = f (r) sin ¢. The angular relationship selected in both cases 
is the simplest. 

In selecting an approximate expression for the angular component of velocity f (r), it must be 
borne in mind that in an electrically conducting liquid moving in a strong magnetic field a peculiar 
boundary layer is formed — there is a steep velocity gradient in a thin layer at the wall; beyond the 
limits of this layer the velocity changes slowly (see, for example [8], p. 38). Of course, such a 
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complex type of velocity variation cannot satisfactorily be described using polynominals. For the 
conditions of a cylindrical cavity it is most natural to express the velocity approximately by means 
of Bessel functions of an imaginary argument. We write 


f(r) = (Kr) + car. 


Here and below 


1, (xr) =i-"J, (ixr). 


On satisfying the boundary conditions for velocity, we obtain 


(25) 


In view of the uniformity of the problem, the coefficient c is arbitrary and will be omitted from here 
on: the factor 1/x? is taken outside c, so that when « > 0, f (r) tends to a function which is differ- 
ent from zero, for 0<r< 1. 


FIG. 1. Velocity distribution 


const 
Uz 


1, (x) 
in the xz plane (type (a) motion) for k = 0,5 and 10. 
In the case of type (b) motion there is a similar 
picture in the yz plane. 


The expression for velocity contains one parameter x, subject to variation. 

The function v, is shown graphically in Fig. 1 for x = 0, 5 and 10. As can be seen, expression 
(25) admirably reflects the actual nature of the observed flow — the formation of a “boundary layer” 
in the presence of strong magnetic fields. For large values of « the thickness 5 of the “boundary 
layer” (defined as the distance from the wall to the point of maximum velocity), will be 
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K 

For an approximate solution of the problem by the Galerkin method, the approximate expression 
(25) for velocity must be substituted in equations (17) and (18) (for w = 0) and by solving them under 
the appropriate boundary conditions, values must be found for T and H. The expressions for v, T and 
H must then be substituted in equation (16), and the latter multiplied by v (scalar multiplication) and 
integrated over the volume of the liquid. We then find the Rayleigh number as a function of parameter 
« and the Hartman number M. 


Ra = M). (26) 


For a fixed value of M (determined by the magnetic field), (26) gives the value of Rayleigh number 
above which develop perturbations with a given value of x. The number Ra, as a function of x, 
has a minimum value fork =«,,; we denote Ra (km) by Ram. For Ra < Rag, the liquid is in 
stable equilibrium relative to any perturbation of the type under discussion; for Ra > Ra, the 
equilibrium is unstable. The parameter km is found from the condition 


O(k, M) =0. (27) 
OK 


when 


Eliminating km in equations (26) and (27), we obtain the critical value of Ram as a function of the 


Hartman number. 


(a) Vector Ho lies in the surface of separation 


In this case 


Solving this for the boundary condition (23) we obtain 


To find the intensity Hz of the magnetic field, equation (18) must be solved; after substituting 
vz in it, this equation assumes the form 


in 29. 
2k 1, (kK) 


AH, 
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To determine the temperature we shall have the equation 
1 (xr) 
(29) 
(31) 


Stability of a conducting liquid in a magnetic field 
Since the perturbation is independent of z, the boundary condition (24) can be written as 


file 


Solving (31) under condition (32) we find* 


(x) +r 2 (xr)| si 


(33) 


We now turn to equation (16). After scalar multiplication by », this equation is integrated. The 
term containing A (p + M?aH) vanishes (see [11]) and we obtain 


| v,AvdS + Ra- | v,TdS + M? | 
oy 


Here dS = r.dr.d¢, and the integration is made over the cross-sectional area of the cylinder. Intro- 
ducing the notation 


a(x) = — | = dS, c(x)= \ 


we shall havet 


a(x) + Mb (x) 


Ra= 


Computing the integrals a, b and c by means of (28) (30) and (33), we find: 


> 
* In this case it is found that at the boundary H = 0. 
t It can be shown that for vz, Hz and T which satisfy the stationary conditions (16) - (18), a, b and c are 


positive. 


= 
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VOL. 
1958 
| 
(34) 
4 Ip (K) (35) 
2) : 


Stability of aconducting liquid in a magnetic field 


The minimization of expression (34) has been carried out graphically. The relationship Ray, (M) 
thus obtained is shown in Fig. 2. For small and large values of km (and consequently of M) approxi- 
mate formulae can be derived from (34). When xm > 0 (small M values) we shall have 


Ra, = = (192 + M?). 


FIG. 2. Relationship between critical number Ray, and Hartman number M 
(type (a) motion). The dashed curve is the linear Rap, (M) relation- 
ship for M + 0, 


Using asymptotic expressions for /, (x) and /, (x) and then carrying out the minimization of (34) we 
find for large M values: 


Ra, = M+19; x 
7 (37) 


Comparison of the values obtained from formulae (36) and (37) with the numerical results shown in 
Fig. 2, leads to the conclusion that expression (36) can be used, within 2 per cent accuracy, for M 
values not exceeding 9, whilst (37) gives values differing by not more than 2.5 per cent from the ac- 
curate value, for M= 25 and upwards. 

Thus, for small Hartman numbers the critical Rayleigh number is a quadratic function of M (and 
hence of the field strength H, also); for large Hartman numbers the relationship becomes linear. 


(b) Vector H, is perpendicular to the surface of separation 


In this case 


v,=0, vy=0, r|sing. 


(38) 


On solving this equation for temperature, we obtain an expression, the radial component of which 


10 
(36) 
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For H, we shall have 


2x1; (x) 


AH'™= 0, 
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is the same as in (30), whilst the angular component contains sin ¢. 


(In finding H,, use must be made of the continuity of Hz at the boundary, and of the fact that in the 
surrounding mass the intensity H (m) satisfied the equation 


(Kr) — I(x) cos 


whilst as 


(sr) — To + 
(39) 


f> Wr + 0). 


of M 


and for large values of M 


10 


FIG. 3. Relationship between critical number Ra», and Hartman 
number M (type (b) motion). For comparison the Ra(a) (M) curve 
is shown (type (a) motion). 


In this case, integrals a and c remain the same as in (35); for 6 we find 


The result of minimization of Ra (x, M) is shown in Fig. 3, curve 5. In particular for small values 


2). 
Ra, = 92 + (41) 


Ra, = = M?4-9-M; x,=0.68.M. 


(40) 
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Hence, in the case of flow of the type of (38) the relationship between Ra, and M is quadratic 
for small and for large M. 

From the results obtained in this paragraph it can be seen that motion of type (a) corresponds, 
whatever the Hartman number, to smaller values of the number Ra,,, than does motion of the type 
(b). Therefore, when the vertical temperature gradient in an electrically conducting liquid is grad- 
ually increased, flow must set in with a surface of separation lying parallel to the lines of force of 
the external magnetic field. Since for small Hartman numbers, (the range of low field strengths) the 
values of Ra, corresponding to the two cases discussed are close to each other, it is possible un- 
der experimental conditions for type (6) motion to be set up, particularly when the conditions set up 
are favourable to it (if for example there is a small deviation of the cylinder axis in the plane (Ho, 


g) ). 

In conclusion, we note that the results of this paragraph, namely, the relationship Ra(@)< Ra’), 
and the quadratic (for small M) and linear (for large M) relationship between the number Ra,, and M in 
the case of type (a) flow, are in agreement with the experimental data obtained in the work by Smirnov 
[12] carried out under similar conditions. Smirnov also made an approximate calculation of the relation- 
ship between temperature gradient and magnetic field strength. However, in this calculation he made 
use of a cubic velocity profile which does not reflect the important feature of the flow under consider- 
ation, in strong fields, namely the formation of a boundary layer. The result he obtained therefore (a 
quadratic relationship) is only valid, as the author points out, in the range of small field strengths. 

I take this opportunity to thank Professor G.A. Ostroumov for drawing my attention to the problems 


here discussed. 


Translated by E. Bishop 
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CONTRIBUTION TO THE CALCULATION OF THE GROUND STATE OF AN 
ANTIFERROMAGNETIC MATERIAL WITH UNIAXIAL ANISOTROPY * 
A. TS. AMATUNI 
Physics Institute, Academy of Sciences of the Armenian SSR. 
(Received 26 December 1956, after revision 26 February 1957) 


On the basis of the method of elementary perturbations, the ground state of an antiferromagnetic 
material withan anisotropic exchange interaction is considered. It is shown in particular that at a de- 
finite threshold value of external magnetic field directed parallel to the anisotropy axis and at a de- 
finite ratio of anisotropy constants, the parallel] magnetization jumps from zero to some final value, 


i.e. there is a first-order phase change. 


With the object of more precisely defining the results published in [1-3], the present paper 
considers an antiferromagnetic material possessing both anisotropy of the g-factor and exchange 
interaction anisotropy; the latter type of anisotropy is taken into account explicity, without intro- 
ducing any internal anisotropy field. Using the symbols adopted in the papers referred to, we write 
the Hamiltonian of the system, in the presence of an external field directed along an axis 


oa (a=x, y, 2), 


in the following form: 


] @ ‘a 
f2) (2. £182) 


AA (1) 
(/) (g) 


A Hamiltonian near in form to the one to be used was derived from symmetry considerations in 
[4]; the phenomenon of anisotropic exchanges 


(1,#1,#1,) 


has since found another basis, in papers by other authors (see for example [5] ). In [2], it was shown 
that the introduction of an anisotropy field can be considered as the result of a definite approximation 
of the Hamiltonian [1]; thus, it is to be expected that calculations carried out directly with the Ham- 
iltonian (1) should be of a more general nature than the calculations in [1-3], where anisotropy was 


accounted for by means of a phenomenological field H4. 
We shall confine ourselves to the case of uniaxial anisotropy, i.e. we shall put 


(Ayhy) = Ty = = (Ay + AT (Ay hy) 


(here h=], ) 


* Fiz. metal. metalloved. 6, No. 3, 395-399, 1958. 
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Thus the oz axis will be picked out as the anisotropy axis. 

In the present paper the results are given of a consideration of the ground state (J ~ O°K) of an 
antiferromagnetic material, as found according to a variant of the method of elementary perturbations 
[6], by substituting the spin operators in (1) by classical vectors of and ag, with the additional condi- 
tion of normalization to unity. As before it will be assumed that 


The direction of these vectors is determined from the minimum condition, obtained from (1) after the 
described modifications in form for the energy. 


We introduce the notation: 


(fifa) = ! (9,92) = Ngo; 
(f1f2) (g1g2) 
8) = DAI = 
(f, (1172) 
Al (g,g2) = ¥ Al (fg) = 
(g18s) (fg) 


(here N is the number of magnetically active ions in one magnetic sub-system). 
On the assumption that two magnetic sub-systems in an antiferromagnetic material are equivalent, we 


can put 


Aly = Aly Aly, = Ky. 


(3) 


+ 25 + 21129132) [x1 (01)? + 


N 
+ (03)? + 2ko ofo5] — ps” (05 + 92); (2 =x, y, 2). 


In the case of the absence of an external magnetic field it can be shown, by solving the correspond- 
ing problem for a conditional minimum of expression (4), that the antiferromagnetic material has two 
stable states. The first of these is realized under the condition 


Ko < Ky 


and represents antiferromagnetic arrangement along the z axis: 


=0; = 1; =—1 (whenoj = — 1, 03 =1). 
The energy of this state is 
1 _ 
(in + — 2142) —(K, —K,) = —¢ — (Ky — Ky); 


N 


and the Lagrange factors 
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hy =), —1—(k,—k,); [= 


The second state is realized when 


and represents an antiferromagnetic arrangement perpendicular to the axis: 


It is clear that x, can be either smaller or greater than x,; the conditions x, < / and «,</ are apparently 
always satisfied; this follows from the meaning of the anisotropy constants xk, and k,; as was shown in re- 
view [5], anisotropy exchange interaction is obtained in the third order of the perturbation theory, tak- 
ing into account spin-orbital bonding and isotropic exchange between excited states formed as a result of the 
splitting of levels in the crystal field. We also note that the two last conditions are necessary for the 
stability of the antiferromagnetic arrangements (5) and (8) as against possible ferromagnetic arrange- 
ments (all spins parallel or all perpendicular to the z axis), 

Now let the external field be different from zero, and oriented parallel to the anisotropy axis oz. 
We cig consider the evolution of solution (5) as the field strength increases, i.e. we shall first as- 
sume that 


Ko < Ky <I. 


(1) Weak fields 


0< pelt < pelt, = {(K, — K,) (2/ —K, — K,)} 


h, = — (x, — Ky) — 


(11) 
he = pe —(Ky — Kg) + 


From the formula given it can be seen, that in weak fields the antiferromagnetic arrangement (5) 
is retained and the energy (10) is independent of the external magnetic field. As a result of the latter 
fact, the magnetization and the magnetic susceptibility are parallel. 


(v is the volume of antiferromagnetic material under consideration). 
(2) Medium fields H, < H < H,. 
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The vectors o; and a, have the following projections: 


‘here 


is the number of magnetically active ions per cm of the antiferromagnetic material). 
From formulae (12) and (16) it is not difficult to see that at a threshold value of the field 
strength, 
] 
Zz 


there is a jump in magnetization from zero to the final value 


Ki—Ke 
21 — — (17) 


i.e. a first-order phase transition takes place in the antiferromagnetic material. This entails a sudden 
change in the total energy of the system antiferromagnetic material plus field. 

In [1], in which anisotropy was considered phenomenologically by introducing some anisotropy 
field, such a jump was not observed; the magnetization rose smoothly, though quite suddenly, from 
zero, according to the formula 


| tell, = (2Iy2H ,) 2 


(18) 


The same reference [1] gives a comparison between formula (18) and the experiments carried out by 
the Gorter group [7] on single crystals of the antiferromagnetic substance CuC1,. 2H,0. As follows 
from Gorter’s contribution to the Conference on the Physics of Magnetic Phenomena (Moscow, May 
1956), a jump in magnetization has been observed in recent experiments on the same compound, at 

a threshold value of the field; in other words, a phase transition similar to that described above has 
been observed. It follows from this, in particular, that for the antiferromagnetic substance CuC1,.2H,0 


the relationship x, > x, is obeyed. 


16 SC 
oj = 3} = — aj = in 
He (14) 
The energy and the Lagrange factors are determined by the following formulae: 
The magnetization and magnetic susceptibility in this state are 
2 
M, Hs 0 Ho (16) 
v Vol 
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Bz 


As can be seen from formula (14) the solution (15) holds good only for 4,< H<H,. 
For H >H, there is a ferromagnetic arrangement along the z axis, a saturated state in which 


The energy of this state and the Lagrange factors are given by the formulae 


l 


= — — — — +), 


and the magnetization and magnetic susceptibility by ~ 
My =0. (21) 


From a comparison of formulae (16) and (21) for H = H, it can be seen that there is no jump in 
magnetization, merely a jump in susceptibility analogous to that which occurs when H = H,. 

Now let x, < x, </ and let the magnetic field as before be parallel to the anisotropy axis. The 
initial state will be an antiferromagnetic arrangement, perpendicular to the z axis, as defined by 
formulae (8). When the field is added, this will be replaced by the state (14-15) which exists when 
0< H<H,, with a smooth transition to state (19)-(20) when H >H,,. For this evolution of state (8), 
the magnetization changes smoothly from zero to the value (21) corresponding to saturation. 

If the external field is perpendicular to the anisotropy axis and is directed for example along 
the ox axis, then, when x, < x, </, there takes place a smooth rotation of spins from the anti-parallel 
arrangement along the z axis — state (5)-toa parallel arrangement along the field. More precisely, 
when 0< H < H,, where H, is defined by the formula 


= 27 + K,— Ky (22) 


we having the following orientation of the vectors 0, and o;: 


The energy and the Lagrange factors then have the values: 


17 
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When H >H,, the described state is replaced by the state (19)-(20), with this difference, that the 
Lagrange factors now have other values 


Ay = hg =— — — pH. (25) 


whilst yz in (20) must be changed to p_ and H, to H,. The magnetization and magnetic susceptibi- 
lity for such an antiferromagnetic material (x, < x, </) change with changing field strength accord- 


ing to the formulae: 
ny, H 


My, = H, 


H 


M)=np.,, % = 0, H > 
26a 


We finally consider the case when x, < x,</ and the external field as before is perpendicular to 
the anisotropy axis. It can be shown that on adding a vanishingly weak external field the spins ar- 
range themselves perpendicular to the latter, whilst at the same time remaining perpendicular to the 
anisotropy axis. This circumstance is a direct consequence of the absence of anisotropy in the xy 
plane. If the external field is not very large, 0< H <H,, where ni H, = 2/, we have the solution 


which, when 


undergoes a transition to solution (19)-(20), (25), with a corresponding substitution of H, for H,; thus 
in this case also there occurs a smooth rotation of spins from their anti-parallel arrangement along the 
oy axis to a parallel arrangement along the ox axis in strong magnetic fields. The magnetization and 
magnetic susceptibility are then determined by formulae (26), (26a), with however H, replaced by H,. 

I express my thanks to S.V. Tiablikov for instigating the work described, for his interest in it 


and for useful advice and comments. 


Translated by E. Bishop 
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THE THERMODYNAMICS OF IDEAL CRYSTALS* 
S.K. SAVVINYKH 


Tomsk State University Western Siberian Filial, Academy of Sciences of the U.S.S.R. 
(Received 4 January 1957) 


Up to the present, the majority of papers devoted to the thermodynamics of crystals consider 
the crystal lattice vibrations within the framework of the approximate model representations intro- 
duced by Debye (in 1912) and Grineisen (1908). 

As is known, in the Debye approximation, the crystal vibrations are considered as vibrations 
in an elastic continuum. 

According to the Gruneisen model, the particles constituting the crystal perform their oscilla- 
tions independently of each other. To determine the frequency of the oscillations it is assumed 
that each atom moves in the field of the remaining atoms, which are rigidly held in positions of 
static equilibrium. 

Individual errors, to which both of the approximate methods of approach referred to above 
have led, make it necessary to look for ways of solving thermodynamic problems more rigorous- 


ly. 
. In a paper by Salter [1] a method is set out, by means of which it appears to be possible to 

express the thermodynamic functions directly in terms of the elements of the dispersion matrix 
of the crystal. In this way, fairly convenient mathematical formulae are obtained for the thermo- 
dynamic quantities. However, all the relationships which Salter obtained were valid only for the 
limiting case of high temperatures (the classical statistical approximation). 

In the present paper it is shown that Salter’s method can be used to derive more generalized 
formulae, valid both at high temperatures and at temperatures as low as is desired. 

The general expressions obtained for the thermodynamic functions are used to study the equa- 


tion of state and the specific heat of crystalline argon. 
For comparison of the methods, the same problems are considered using the Gruneisen and 


Debye approximations. 


1. FREE ENERGY OF A CRYSTAL 


We shall confine discussion to monoatomic crystals. For this case the oscillatory term of the 
free energy F7, calculated per atom of the crystal, can be written in the form 


Here 


(x) = (x) 


is the frequency with respect to the ith branch of the normal oscillations, and ®ma,x is the maximum 
frequency in the spectrum. The values of Z; (X) are eigenvalues of the matrix W(y) related to the 


dispersion matrix A (x) of the crystal by the relationship 


A (x) = (x). 


* Fiz. metal. metalloved., 6, No. 3, 400-411, 1958. 
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In the two central interacting atoms approximation, the elements of matrix A (X) can be expressed in 
the form of sums, distributed over the crystal lattice sites (see, for example, [2] 


(1.2) 


where @ (r) is the energy of pair interaction, » the mass of the atom, a, a= 1, 2, 3. Integration in 
(1.1) is carried out over the range 


0< 4%; <1 (dx = dx, dx,, 


and summation over all the frequency branches (i = 1, 2, 3). 
In view of the considerable complexity of expression (1.1) its direct use in thermodynamic cal- 


culations is practically impossible. In order to obtain the required mathematical formulae, we pro- 


ceed as follows. 
Taking into account the. identity 


and bearing in mind that 


(2;) = Sp/(W) 


(where z; are the eigenvalues of the matrix W), we convert (1.1) to the form 


= «7 | fspin(e + J Spin w dx), 


Pp 


RhOmax 


and E is a unit matrix. Note moreover, that in converting from (1.1) to (1.3) we have, following the 
method shown in [3], expanded the function sinh x into an infinite series. 


( 


To transform formula (1.3) further, we use the method set out in Salter’s paper [1]. Salter’s basic 
idea is as follows. The dispersion matrix W (x) is represented in the form of a sum of two terms 


W (x) =a(E + R(s)), (1.4) 


where the constant a is chosen so that r; (X), the eigenvalues of matrix R (X) satisfy, for any X, 


the condition 
Ir, (*)| <1. 
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It is not difficult to see that to satisfy this condition it is sufficient to put a = %. When a is in fact 


put equal to 4, we obtain 


ir; = |22,)—1) <1 


Thus, when a is so chosen, the second term in expression (1.4) becomes “small” compared with 
the first. Consequently, the function of W (X) encountered i in crystal thermodynamics can in many cases 
be expanded in a series of increasing powers of R (X),and will be shown later, the possibility of ob- 
taining this expansion leads to approximate calculation formulae for the thermodynamic quantities. 

Taking relationship (1.4) into account, and putting in it a = 4, the functions of W (X) whereby 
the first and subsequent terms of formula (1.3) are expressed, can be represented in the form: 


InW (x) = (In 1/2) E + In(E + R()). (1.6) 


Expanding the second terms in (1.5) and (1.6) in powers of R (X) and substituting these expans- 
ions in (1.3), we obtain, after simple manipulations, the following expression for Fr. 


pe-< 


For the simplest crystalline structure (the face-centred cubic structure will be considered below) the 
values 


B; and % 


(for not very large /) which enter into formula (1.7) can be computed comparatively easily. Formula 
(1.7) can then be used as a basis for studying the thermodynamic properties of crystals. 

We shall make some necessary comments in connexion with the computation of B, and 7,. We 
shall first of all show that the series which determines B, can be summed in the unexpanded form. 


To do this, using the equation 


x! 
exp (— =r) dB, 


we rewrite the expression for B, in a new form 


[— + 1) dp, 
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The series (1.8) thus obtained is transformed using the Ewald unidimensional relationship. 


(1.9) 


Substituting (1.9) in (1.8) and carrying out the necessary transformations, we reach the following ex- 
pression 


« 


where K,, (x) are Bessel functions of imaginary arguments 


wo 


Functions K,, (x) with half-integral v can be expressed by the elementary functions 


— 
(1 + x)! 


Bearing this in mind, B, is put in the form 


(21 — 3)!! 


co 


p= 


« — 1)! 2" 


P, (x) = 


The series in formula (1.11) is readily summed and we then obtain the required unexpanded expres- 
sion for B,; 


A 
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and P, is an operator defined by the relationship 


k= 


Computation of the value of 7) involves elementary integration with respect to X and summation 
over the lattice. In actual calculations it is convenient to make use of a relationship connecting 4 to 
tue moments of spectrum density yj. By definition 


= = dx = = 8 W! (x) dx. 
Bearing in mind that 


R(x) = QW —E, 


(—1)™ 
my (1.13) 


tu = | SPR'G) =(— 


The computation of the moments yj is of interest in its own right and has been carried out re- 
peatedly in many papers devoted to the vibrations and thermodynamics of ideal crystals. It is known, 
for example, that at high temperatures the thermodynamics functions of a crystal can be represent- 
ed in the form of expansions in*powers of 1/7), the coefficients of the terms in these expansions 
being expressed directly by the moments jy. This was first pointed out in [4], where the internal 
energy and specific heat (C,) of the crystal are expressed in terms of the moments. The same can 
also be done for the free energy. Ip fact, at a sufficiently high temperature (when 

T a homar ) 
2nK 


the expression for F7 given above in (1.3) cau ux +. itten in the form 


l=] 
Be p* 7 
If we make use of the expansion of In W (Xx), in powers of R (x) then the last term in formula (1.14) can 


also be expressed in terms of the moments. 


mi(1—m)! ™ 


(i! 
| Spin W (x) dx=3 >. 


1-1 m=0 
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Coming down to the classical statistics approximation, for which it suffices to neglect the first 
term in (1.14), we obtain a formula for Fy which is identical with the analogous relationship in 


Salter’s paper [1] 


— 1)" 
V2 (1.16) 


Knowing the free energy of the crystal it is possible, by means of known relationships, to find ex- 
pression for the other thermodynamic quantities. Thus, for the oscillatory part of the free energy of 


the crystal, UT, we have 


oT 


A A 141 OB; 


From the last equation, on proceeding to the limit as T + 0, we obtain an expression for the vibra- 
tion energy of the crystal at absolute zero, Uo, namely 


U, = lim U 


Formulae analogous to relationships (1.7) and (1.18) can also be written down for the other thermo- 


dynamic quantities. 
In conclusion, attention is drawn to one feature common to both the expression for free energy 


(1.7) and the expressions for any other thermodynamic functions derived using (1.7). 
It is not difficult to see that in equation (1.7) the first term on the right 


FS) 3x7 In 2einh—— 
2 


can be formally regarded as the free energy of an idealized crystal such that its entire spectrum con- 
sists of only a single frequency equal to 


¥2 


In fact, by using the identity 


In(l--e 


and bearing in mind that 


Romar 
KT 
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we can write 


Fu) = 3KT In —exp 


2V2 -V (1.20) 


The latter formula is the well-known expression for the free energy of a harmonic oscillator of fre- 


quency 
Omar 


V2 


Thus, according to formula (1.7) the free energy of a crystal can be represented as consisting 
of two parts. In the first of these the sum of the contributions of all the spectrum frequencies to the 
free energy is described in terms of an effective frequency wes, The second part represents an in- 
crement, from the magnitude of which it can be found to what extent the thermodynamic behaviour of 
a system of identical, unconnected oscillators of frequency We sf differs from the behaviour of a crys- 


tal. 


== 


As the problem considered below indicates, cases are possible in which the first term of the 
thermodynamic quantities, which is expressed in terms of an effective frequency, remains consider- 
ably greater than the second over a wide range of variation of the macroscopic parameters. This fact 
makes it clear why the use of the “single-frequency” approximation (e.g. the Gruneisen approximat- 
ion in the theory of the equation of state) in solving certain problem, leads to excellent results. 


2. THE EQUATION OF STATE FOR CRYSTALLINE ARGON 


As an actual physical problem, we shall consider the simplest equation of state [f (p, v, 7) = 0] 


and the specific heat of solid argon. We shall commence by examining the equation of state. 
According to a known thermodynamic relationship, the pressure p is related to the free energy 


F by the equation 


OF ap 


ov dv ov 


O= 


is the potential energy of a non-oscillating crystal and v is the volume associated with a single 


particle. 
Using formula (1.7), which determines F7, we write the equation of state in the form 


= Pe + Py) == [Py + 367 +p, 
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The dashes here denote differentiation with respect to the parameter of deformation 
v 


(vp being the volume corresponding to a minimum in ¢). To calculate the values of \~ @max and 7] 
it is necessary to find the actual form of the dispersion matrix A (y), the elements of which are 
expressed in formula (1.2). In seeking the dispersion matrix, we limit consideration of the interact- 
ions of each particle to the two adjacent layers of atoms only. The computation of A aa’ values can 
then be carried out in an elementary manner, and in the case of the face-centred cubic structure (the 


structure of crystalline argon) leads to the following expressions 


Aj, = 4 [sin® xx, + sin? (x; — x«)] + ve [sin? mx, + sin? + 
+ sin? x (x, —x,) + sin? = (x; — + Sin? — — + 
vg [sin® + + sin? = xy + 


Aix = 4y, [sin® <x; — sin? = (x, —x")] (i # 4). 


Here 


= De (a), py = De (a) + (a), 
= Do (V/ 2a} + (V 2a 


= De (V 2a); 


and a is the distance between nearest neighbour atoms. The relationship between the coefficients 1; 
and the volume is determined by the requirements of the actual form of the functions ¢ (r). Accord- 
ing to recent experimental data [5], the atomic interaction in argon can be closely approximated by the 


two-term power formula 


= 


Go = 1.649.107 '4 ergs r, = 3.826A. 


This formula has also been utilized in the present paper. 
From the dispersion equation 


det (x) — = 0, 


by studying its solutions along the main crystallographic directions [100], [110] and [111], we find 
the maximum frequency of the spectrum to be 
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16yv, for > 1.003 
4 +3 + 2¥4—v,) for < 1.003. 


2 — 
Onmax = 


(2.5) 


The values of 7/ can also be expressed in terms of vj. As has already been pointed out, in this 
case it is more convenient first to find the moments after which ,j can readily be computed from 
formula (1.13). In computing the moments y we shall start from the relationship 


Here, as before 
W(x) =< 2 A(x). 


max 


Expanding the integral expression in (2.6) and taking the cubic lattice symmetry into account, we 


obtain 


= J Mi(*) de, 


M, (*) = Wi 
My = Wis + 2Wi2 (x), 


Thus, the moments 4 are expressed in terms of definite combinations of integrals of the type 


| Wa a, (x) d(x) = 


1 K 


= N=(Ny, Ng, 3), (Nx) = + Mg + Mg 
Or’, Or’, 


Bearing in mind that 


exp[2ni(nx)]dx =8(n), 
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+ Ya, +n) — 


ii<i2 


(on the right-hand side of equation (2.8), the sum 


My 


which is equal to zero, has been omitted, since on summing over nj the term with nj = 0 is excluded). 


As can be seen from formula (2.8), to find the values 


it is necessary to compute sums of the type 


When only interactions of the two nearest neighbours are taken into account, these sums can be 
represented in the form of homogeneous polynominals (of degree K) in vj 


yt sini 


The numbers 
B" 14 


are wholly determined by the structure of the crystal, and for small K can be found without particular 
difficulty (in the present work the computation was made for K < 5). 
Using relationships (2.7), (2.8) and (2.9), numerical values were found for the moments 4... 


and their derivatives 
Onn 
= 


from which the values of 7, and 7 % can be obtained, via formula (1.13). 
As a result of numerical calculations carried out on the basis of formula (2.2), the isotherms of 


the equation of state were found. It is to be noted that in the calculations the last term in (2.2) which 
is in the form of a series, was estimated approximately, since only the first five terms of the series 
nk and 7% were known (by taking five terms of the series into account p(2) was found to an error not 
exceeding 16 per cent). The error in the p‘2) determination has no great influence on the final results, 
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since throughout the range of temperatures and strains considered, the value of | p(2)| is consider- 
ably smaller (roughly by a factor of 10) than | p(1)|. Thus we can write 


Pr (2.10) 


This signifies that the oscillatory contribution to the pressure is mainly determined by the term which 
is expressed by means of the effective frequency. 

Some of the calculated isotherms are shown in Fig. 1, in which pressure is plotted on the ordinate 
axis in units of 10° dyne/cm. The following qualitative conclusions follow directly from the general 
shape of the curves obtained: 

1. The vibrations at absolute zero have a marked effect on the properties of crystalline argon. In 
particular the vibrations of the atoms at absolute zero lead to an additional “expansion” of the crystal 
(the T = 0 isotherm intersects the abscissa at a point well to the right of the point (1,0) ). 

2. The critical volume v% (vx is the volume corresponding to the minimum on the isotherm) decrea- 
ses with increasing temperature. 

3. The absolute value of critical stress py, = p (vj) decreases with increasing temperature, slowly 
at first and then more rapidly, following a roughly linear law over a wide temperature range. 

At present, too few experimental data have been published, relating to the equation of state for 
crystalline argon. Consequently, it has not yet been possible to compare the results obtained in detail 


with experimental data. In the following section, dealing with the specific heat Cp of argon, it will be 
possible to check the equation of state indirectly. 


It is interesting to compare the equation of state derived using three different methods: that des- 
cribed above and the approximate methods of Griineisen and Debye. In the Gruneisen approximation, 
the crystal under consideration is equivalent to a system of unconnected oscillators of frequency 
wg, defined from the equation (see [6] ) 


2 n 
(2.11) 
n 


Taking into account the interaction of the two nearest neighbours, and using symbols introduced 
earlier, we transform relationship (2.11) to the form 


We Ay, +8 + (2.12) 


We note that in the range of deformation considered, that values of v, v, and v, are considerably 
smaller than the value of v,. Hence 


(2.13) 


Comparing the approximation equation (2.13) with relationship (2.5) which defines the maximum fre- 
quency in the spectrum, we find that 


(2.14) 


The approximate agreement between frequency wg and frequency we sf leads to the fact that the 
equation of state in the Griineisen approximation is not substantially different from the equation 
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obtained when the oscillation spectrum is taken into logical consideration . 


: 5 af 


FIG. 2. 


FIG. 1. 


Fig. 2 shows, for comparison, two isotherms, calculated using the three different methods (in consi- 
dering the Debye approximation we followed in the main the mathod laid down in [7] ). 

The close agreement between the results obtained by three completely different methods shows 
that the properties of the simplest equation of state (for the case of triaxial compression or tension) 
are largely unaffected by the various approximations made in considering the oscillation spectrum. 
Thus in calculating the simplest equation of state for cubic crystals it is quite possible to use ap- 
proximate methods. The Gruneisen approximation then seems to be the most successful because of 
its fundamental simplicity. The known basis of the Gruneisen method, stemming from the approximate 
agreement between frequency wg and frequency we ss, must also be regarded as an advantage. 


3. THE SPECIFIC HEAT OF ARGON 


(a) Specific heat at constant volume, C,. 
We find the expression for C, from formula (1.18) by differentiating Ur with respect to tempera- 


ture, 


Cy = Co) + Ce = 
( ) \ or oT? 


The first term in (3.1) is the Einstein specific heat, corresponding to oscillators of frequency We ;. 

From Table 1, which gives for comparison a number of values of C, (1) and C, (2), it can be seen 
that C,, (2) rapidly falls off with increasing temperature and therefore, long before the specific heat 
reaches its limiting classical value C, is practically equal to C, (2). 

(In Table 1, and in Figs. 3 and 4, the specific heat is expressed in cal /degree. mole). 

The curves of specific heat C,, calculated by the three different methods, are shown in Fig. 3. 

As a result of the approximate agreement between w, and we sf at high temperatures (from 40°K 
upwards), the Gruneisen C,, values practically coincide with the values obtained from formula (3.1). 
As T + 0 the specific heat, calculated taking the oscillation spectrum fully into consideration, tends 
to zero more slowly than the Gruneisen specific heat, which appears in fact to be due to the presence 
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i-Debye x 


/-Griineisen 
“ 7 -Debye 
x -Experiment 


FIG. 3. 


of frequencies lower than we fy. 
(b) Specific heat at constant pressure, C,,, 
To calculate C,, use was made of the well-known thermodynamic relationship 


The derivatives 


(in), (oe), 


were determined by graphically differentiating the isobars and isotherms of the equation of state. 
The calculated curves for C, against T are shown in Fig. 4. This also shows the experimental values 
of C, taken from [8]. Comparing the theoretical and the experimental data, we see that the various 
methods of taking the oscillation spectrum into account all lead to too high values for the specific 
heat. This is apparently associated with the fact that the theories under discussion ignore the non- 
harmonic nature of the oscillations. 

To confirm this, use can be made of the results given in [9], where it was shown that good 
agreement with experiment is obtained when an harmonicity is taken into consideration, even within 
the framework of the Gruneisen approximation. 


Translated by E. Bishop 
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THE MAGNETIC SURFACE EFFECT DUE TO THE ACTION OF A PULSATING 
TWO-COMPONENT FIELD ON THE SURFACE OF A SEMI-INFINITE SPACE * 
lu. D. SYCHEV 


Institute of Metal Physics, Urals Filial, Academy of Sciences of the U.S.S.R. 
(Received 7 May 1957) 


In the propagation of an alternating magnetic field in a conducting medium, the appearance of a 
surface effect is observed. 

The theory of the magnetic surface effect in plane bodies has only been adequately developed 
for single-component exciting fields, both longitudinal and transverse. The appearance of the surface 
effect due to more complex exciting fields is normally pasied experimentally and an analytical so- 
lution is only possible for a limited range of problems fi 2). In (i, consideration is given to the ap- 
pearance of the magnetic surface effect in semi-infinite space, due to the field of a straight conduc- 
tor carrying alternating current. Notwithstanding the simple form of the exciting field, a complicat- 
ed solution is obtained, which entails graphical integration. In [2], the laws underlying the appear- 
ance of the magnetic surface effect due to the action of a rotating two-component field on the sur- 
face of a semi-infinite space, are elucidated. It is pointed out that when the solution is used for 
practical purposes, difficulties arise because of the complexity of the electromagnetic fields of an 
asynchronous motor. In a number of electromagnetic devices, there occurs a magnetic surface ef- 
fect due to a pulsating field. For this type of surface effect, a solution of the two-dimensional VOL 


problem is of interest. 


STATEMENT OF THE PROBLEM 


Let a conducting medium be bounded on one side by a plane surface and extend to infinity in 
all other directions (Fig. 1) 


FIG. 1. Arrangement of co-ordinate axes. 


The oz axis is directed into the conducting medium, normal to its surface. The xoy plane coin- 
cides with this surface. The oy axis is directed along the tangential component By of the magnetic 
induction vector B, and the oz axis along the normal component B,, 

In our case, when there are only magnetic fields parallel to the yoz plane, the currents must 
run only in the x direction and consequently the current density can only have a single component 
5x. We shall consider the case when the specific electrical conductivity and magnetic permeability 
of the medium are constant quantities. 


t By pulsating is meant afixed field, sinusoidally distributed in space. 
* Fiz. metal. metalloved., 6, No. 3, 412-419, 1958. 
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A pulsating two-component field 


Let the laws governing the change of the components of magnetic induction with time and dis- 
tance on the surface of the medium, at z = 0, have the following form 


B, = By; cos y cost, 
B, = Bay sin cos 2), 


whilst at z = co the components are 
(3) 


(4) 


Here B, and B, are instantaneous values of the components of magnetic induction; B,,, and Bm: 
are the peak values of the components of magnetic induction; 7 is the polar pitch of the space dis- 
tribution of the components of magnetic induction. 


SOLUTION OF THE PROBLEM 
The differential equations for the case under discussion can be written in the form [3]: 


OBy , 
oy* oz? 


OB, 0B, 
oy? dz” 


ot 


For boundary conditions (1)-(4), these equations have the following solutions: 


B, = Bm: exp (— kz) cos cos 62), 


B, = (— kz) sin = y cos (w bz + 2). 


On the basis of the given value of y we find that By, and Bmz are connected by the relationship 


Constants b, K and a are respectively equal to 
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A pulsating two-component field 


2\2 


y 2t 


b 
Kk (10) 


Here w = 27 f is the angular frequency, y the specific electrical conductivity of the medium, p the 
magnetic permeability of the medium, and wy the ratio of the fluxes 


—t/2 


dy is the flux entering the body within the area covered by a polar pitch, and 


dz is the flux in the body at y = 7/2. 
The current density is found on the basis of the first Maxwell equation, which in our case takes 
the form: 


—Y=n6.. 


Substituting (5) and (6) in (11) we obtain an expression for the current density in the medium 


Ox = | «cosa — b sin — cos — ba) — 
t 


— (722 «sin a + Bmy b cos 2) sin (vt —b2) | exp (—nz) sin * y. 


The peak value of current density is 


2 
= 1G + x2) =m (6 sin cos 2) + 


\*/2 


2 Be, 
exp ( 2K2) sin yy 


On the basis of the Lenz-Joule law, the active power per unit volume of the medium is 
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A pulsating two-component field 


G +2 Bmy Bmz (6 sin 4—K COS a) + 
> 


n2 
+ — exp (— 2kz) sin 


<2 pe 


On integrating (14), we obtain the active power developed in the entire semi-infinite space per 
polar pitch, when the width of the fields along the x axis equals h: 


47/2 
2 


= a | payae G +k?) Bav 
—7/2 0 


+ 2 (b sin cos 2) + 
bs 72 


It can be shown that, on putting B,, = 0 and 7 = ~, the expressions obtained for induction, cur- 
rent density and active power of a two-dimensional field simplify to the known expressions for a one- 
dimensional longitudinal field [4]. 


USE OF THE SOLUTION FOR PRACTICAL PURPOSES 


The case of surface effect under discussion is encountered in apparatus for measuring the loss 
in electrotechnical iron on a.c.,in induction gauges, in induction heating equipment and so on. Wide 
use has been made in industry of mains frequency induction heating equipment for preheating metal 
structures prior to welding under low-temperature conditions [5]. 

The theoretical propositions obtained will be used to analyse the electromagnetic processes in 
such equipment. The magnetic conductor of the equipment is K-shaped, and by virtue of the symmetry 
of the magnetic circuit the value of w is two. Consequently, (7) can be written in the form 


In the majority of cases the following inequality is satisfied 


(17) 


The expressions for induction, current density and active power then become much simpler. When 
(17) is satisfied, then, as can be seen from (8) and (9) 
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Angle a, as follows from (10) is 7/4. For (16) we can write 


(19) 


If (18) and (19) are taken into account, we can write the following expressions for the compon- 
ents of induction, current density and active power: 


Bz = Bmzexp cos y cos Ve 2), 


By = exp (~ sin ~y cos 2+ *), (21) 


= — exp sin — y cos 2) — 
(22) 
— Bm, Vm sin —ysin 
_ Bae 
h A. 
(23) 


Ve V 


To check the power expressions experimentally, we shall eliminate p in (23). 
From (19), the value of p is 


2 
™Hmy 


Substituting (24) in (23), we obtain 


nh Hiny 


P. = 
2V2 32 V2 Ba, 


(25) 


When (17) is satisfied, we can ignore the second term in (25). Then, since the equipment has 
two polar pitches, the active power in the body will be 


Shr? 


Px 


my: 


(26) 


The basic propositions regarding these solutions were published in [6]. 
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EXPERIMENTAL CONFIRMATION OF THE SOLUTION 


Theoretical considerations indicate that the active power in a part is determined by the peak 
values of the normal component of induction and the tangential component of magnetic field strength 
on the surface of the part. 

In order to find the distribution in space of the normal component of induction and the tangential 
component of field strength, an experimental study was made of the electromagnetic field set up by 
an induction heating apparatus. 

The distributions in space of the field components thus obtained facilitated a determination of 
the active power, from formula (26). This active power value was compared with the experimentally 
determined power value. When the apparatus is operated normally, the plates to be heated lie direct- 
ly on the poles of the apparatus. To obtain the space distribution of the field components, the plate 
was fixed on special supports, so that a gap was left between the poles and the plate. A twin-coil 
pickup was transversed on guides in this gap. One coil was used to measure the normal field comp- 


onents, and the other the tangential. 


TABLE 1. 


Electrical conditions 


‘ Plate 
Oscillogram| jpaterial U, volt I, amp Pw, kwt 


Fig. 2 Steel 73 130 2.2 


Fig. 3. | Aluminium 31 104 


On moving the pickup, the e.m.f. in its coils was recorded on the screen of a magneto-electric 
oscillograph. At the surface of separation of the media, the tangential components of field strength 
and the normal components of magnetic induction are equal. Since the pickup was placed near the 
centre of the plate surface, e.m.f. oscillograms were obtained on the oscillograph screen, which 
were characteristic of the distribution of the tangential component of field strength and the normal 
component of magnetic induction over the surface area of the plate. The pickup coil e.m.f. were 
measured by means of an electronic voltmeter, in order to calibrate the oscillograms. 

The electrical operation conditions of the apparatus were recorded from the readings on an am- 
meter, voltmeter and wattmeter, connected in the apparatus coil circuit. Oscillograms were taken for 
two cases. In the first case the apparatus was working with a steel plate and in the second, with an 
aluminium plate. The electrical conditions for the oscillograms taken are shown in Table 1. Figs. 2 
and 3 show the oscillograms of the e.m.f. surface distribution. 

Based on the oscillograms, surface distributions were constructed for the tangential component 
of field strength and the normal component of induction, and these are shown in Figs. 4-7. In these 
figures, distances from the edge of the apparatus are plotted onthe abscissae,and the corresponding 
field components on the ordinates. The poles of the apparatus are of the following widths: the middle 
pole 12 cm and the outer 6 cm each. The width of the slot is 9 cm. From the distributions given, it can 
be seen that the variation of the components of induction and strength over the area does not follow 
a sinusoidal law. The biggest deviation occurs when the apparatus is working with aluminium plate. 
The space distributions obtained were replaced by equivalent sinusoidal distributions in order to 
use the theoretical propositions. 

By planimetering the area under the distribution curves, the mean values were found, and the peak 
values of the equivalent sine curves were determined from these on the basis of the well-known 
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relationship Aneak = 1/2 Amean- 


FIG. 2. Oscillograms of surface e.m.f. distribution, pro- FIG. 3. Oscillograms of surface e.m.f. distribution, pro- 

portional to the normal component of induction (a) and portional to the normal component of induction (a) and 

the tangential component of field strength (6), when the the tangential component of field strength (6), whenthe 
apparatus is working on steel plate. apparatus is working on aluminium plate. 


The active power in the plate was found from formula (26). The results of these calculations are 
shown in Table 2. 


a 
: 
: 
: ‘ j 
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10 20 3 
cm 


Va 


FIG. 4. Surface distribution of normal component 
of induction when the apparatus is working on 
steel plate. 


FIG. 6. Surface distribution of tangential 
component of field strength, when apparatus 
is working on steel plate. 


TABLE 2. 


FIG. 5. Surface distribution of normal component 
of induction when the apparatus is working 
on aluminium plate. 


FIG. 7. Surface distribution of tangential 
component of field strength, when apparatus 
is working on aluminium plate. 


Oscillograms 


Ringe 


Vv. sec/cm? 


1100 1078 


1700 - 107" 


150 - 1078 


930 - 1078 


The watt-meter connected in the apparatus coil circuit measures not only the active power in.the 
plate but also the power losses in the coil and the magnetic circuit of the apparatus. The power los- 
ses P, in the apparatus coil were found from the formula 


Po = 


41 
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| 
— 
10 20 30 20 | 
a/cm 
1a 20 80 40 10 20 40 
Hy mean Bz 
| 
Fig. 2 1.8 | 
Fig. 3 | 270 | | | 09 
(27) 


A pulsating two-component field 


Here / is the current strength in the apparatus coil, and R, the active resistance of the coil. The 
power P.,, lost in the magnetic circuit of the apparatus, was determined experimentally. Thus, the 
power in the plate, determined experimentally on the basis of the watt-meter readings, was 


Pexp = Pw — Po — Pm. (28) 


Here P.,, is the active power in the plate, as determined experimentally, and P,, is the total active 


power consumed by the apparatus. 
Using formula (28), the active power in the plate was determined for the conditions for which the 


oscillograms were taken. The results of the calculations from formulae (26) and (28) are given in Table 
3. Estimates of the magnitude of P,, showed that it does not exceed 1 percentof P,,. The value of Pp, 


is therefore ignored. 
The data in Table 3 show that to a first approximation the theoretical propositions obtained can 


be used to determine the power developed in plates by an induction heating apparatus. 


TABLE 3. 


Oscillograms 


CONCLUSIONS 


1. Expressions have been obtained for the induction, current density and active power in a con- 
ducting semi-infinite space due to the presence on its surface of a pulsating two-component field. 

2. It has been shown that the results of the type of surface effect considered can be used to ana- 
lyse the operation of induction heating apparatus. 

In conclusion, the author expresses his gratitude to N.M. Rodigin for valuable advice and com- 
ments which facilitated solution of the problem under consideration. 


Translated by E. Bishop 
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MAGNETIC PROPERTIES OF MAGNETICALLY ANISOTROPIC SPECIMENS MADE FROM 
FERROMAGNETIC POWDERS 
IV. VARIATION WITH TEMPERATURE OF THE MAGNETIC PROPERTIES OF 
MnBi ALLOY POWDER SPECIMENS * 
la. S. SHUR, E. V. SHTOL’TS and G. S. KANDAUROVA 
Institute of Metal Physics, Urals Filial, Academy of Sciences of the U.S.S.R. 
(Received 21 June 1957) 


The anisotropy of the coercivity of magnetically texturized specimens made from MnBi alloy 
powder has been studied at temperatures between— 196 and + 20°C. The magnetization curves, return 
curves and minor hysteresis loops have been studied at — 196°C. It is shown that on lowering the 
temperature of specimens made from fine powders, from + 20 to — 196°C, the magnetic structure of 
the particles is modified, because of the reduction in the anisotropy constant. 


In papers published previously [1-3], it has been 
shown that magnetically anisotropic specimens 
made from MnBi alloy powder exhibit a number of 
peculiar features in room temperature magnetic 
properties. The suggestion was made that all these 
“anomalies” are caused by the development in fine 
powders of a transitional magnetic structure. This 
type of structure has been successfully observed 
visually, using powder figures [4]. 

The development of transitional structure in re- 
latively coarse MnBi alloy powders (with diameters 
of several microns) can only be explained on the 
grounds that at room temperature this alloy has a 
very high anisotropy constant. It is well-known 
that with increasing anisotropy constant there is an 
increase in the critical size of a ferromagnetic 
material, namely the size at which the structure 
becomes single-domain [5] and consequently trans- 
itional also. 

To confirm this hypothesis regarding the magnetic 
structure of fine MnBi alloy powders, it would appear 
to be very important to set up an experiment in which 
it would be possible to reduce the value of the ani- 
sotropy constant appreciably, without altering the 
particle size. This would necessarily produce a re- 
arrangement of the magnetic structure. In particular, 
in those powders which had a transitional structure, 


reduction of the anisotropy constant could produce 
a multi-domain structure. This requirement can be 
met by lowering the temperature of MnBi alloy 
powder specimens, since the value of their crystal- 


* Fiz. metal. metalloved., 6, No. 3, 420-425, 1958. 


lographic constant is thereby reduced *. 

To check this hypothesis regarding the re- 
arrangement of magnetic structure a study was made 
of the variation with temperature of a number of the 
magnetic characteristics of magnetically anisotropic 
specimens of MnBi alloy made from powders of dif- 
ferent grain sizes. 


RESULTS OF THE MEASUREMENTS 


The MnBi alloy powders were prepared by the 
method described previously, and the same technique 
was again used for preparing magnetically anistropic 
specimens [1, 2]. The magnetic properties, at all 
temperatures, were measured by the ballistic method. 

a) Magnetization curves, minor hysteresis loops 
and return curves. 

Fig. 1 shows the magnetization curves for an 


untexturized specimen made from fine powder, taken 
at liquid nitrogen temperature (curve 1) and at room 


temperature (curve 2). As can be seen from Fig. 1, 
at liquid nitrogen temperature, magnetization pro- 
ceeds much more easily than at room temperatures. 


The magnetic field strength at which saturation 
magnetization is attained is 5000 oersted at liquid 


nitrogen temperature, against about 17,000 oersted 


* It should be noted that the method determining the 
crystallographic anisotropy constant in MnBi alloy, 
used by Guillaud [6], can only give a rough estimate. 
The point is that this anisotropy constant was ealculat- 
ed from the shape of the magnetization curves taken on 
pseudo-single crystal specimens, prepared by texturiz- 
ing fine powders. In such specimens, the anisotropy of 

(continued on the next page) 
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FIG. 1. Magnetization curves for isotropic specimens 
made from powder of particle size 7p, at temperatures 
1) — 196°C; 
2)+ 20°C. 


WU is saturation magnetization at + 20°C). 


at room temperature. Saturation magnetization is 
5 —6 per cent higher at J = — 196°C than at room 
temperature. 

Measurements were also made at liquid nitrogen 
temperature of the magnetization curves for texturiz- 
ed specimens, parallel with and transverse to the 
texture axis. It was observed in this case, that 
texturized specimens made from MnBi alloy powder, 
which have markedly anisotropic magnetic proper- 
ties at room temperature [1-3], exhibit no anisotro- 
py in the magnetization curves at liquid nitrogen 
temperature. 

Fig. 2 shows the variation of the relative magnet- 
ization, //l; (curve 1) and the relative residual mag- 
netization /,/I; (curve 2), with the strength of the 
magnetizing field, measured longitudinally — text- 
urized specimen of particle size 7 yp at liquid nitro- 
gen temperature. As can be seen from the curves in 
Fig. 2, the saturation magnetization is reached in 
fields of the order of 5000 oersted, whilst maximum 
value of residual magnetization is reached in fields 
of the order of 1000 oersted. The maximum value of 
coercive force is reached in fields of roughly the 
same strength as for the maximum value of residual 


magnetization. 
Fig. 3 shows the demagnetization part of the 


(continued from previous page) 

the magnetization curves largely depends not only on 
the value of the anisotropy constant but also on the 
type of domain structure in the particles [1]. To obtain 
more accurate values for the crystallographic anisotro- 
py constant, it is necessary to carry out the measure- 
ments on single crystals of MnBi alloy. 


2 


2500 $5000 7500 10000 
oersted 


FIG. 2. Variation of magnetization (curve 1) 
and residual magnetization (curve 2) 
with magnetizing field strength, for a 

longitudinally texturized specimen. 
Particle size 7 p. 


downward branch of the hysteresis loop, and return 
curves along the texture axis of a magnetically aniso- 
tropic specimen made from powder of particle size 

6 », taken at a temperature of — 196°C. As can be 
seen from the figure, the demagnetization branch of 
the hysteresis loop, and the return curves, are recti- 
linear. In a direction transverse to the texture axis, 
the return curves and the downward branch of the 
hysteresis loop have the same shape as along the 
texture axis. 

b) Anistropy of coercive force. 

Table 1 gives data on the value of the coercive 
force at various temperatures, in directions along 
and perpendicular to the texture axis of specimens 
made from powders of various sizes. 

As can be seen from Table 1, at temperatures of 
— 103 and — 196°C, the coercive force for MnBi alloy 
powder specimens is small, only reaching values of 
50-300 oersted, whereas at room temperature the 
coercive force for these specimens is many times 
greater and reaches 13,000 oersted. At the same 
time the anisotropy of the coercive force is small 
and depends on the size of the powder and its temp- 
erature. 

Fig. 4 shows the variation of the coercive force 
with temperature, in directions along (curve 1) and 
transverse to (curve 2) the texture axis, for a speci- 
men of particle size 25 p. As can be seen from the 
curves given, in the temperature range — 100 to 
— 140°C, the coercive force along the texture axis 
is greater than the coercive force in a direction 
perpendicular to the texture axis. Thus, at these 
temperatures anisotropy of the coercive force is 
observed which is of the same nature as at room 
temperature. At a temperature of — 140°C the H,(e) 
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TABLE 1. 


Coercive force at temperature of °C 


Tex- 


ture** | — 100 | —183 


—170 


155 | —144 | 


130 102 
150 128 


83 86 166* 
87 82 79 


105 78 
123 106 


67 72 112* 
73 62 62 


108 


60 65 90 
70 63 73 


80 
67 


39 41 70 
42 42 52 


34 36 46 
37 36 38 


39 54 
40 44 


43 
43 


* Maximum values of coercive force could not be measured 
** || — along texture axis; | transverse to texture axis. 


curves intersect, i.e. the nature of the anisotropy 
of the coercive force is altered. In the temperature 
range — 150 to — 190°C the coercive force along 
the texture axis is smaller than in the perpendicular 
direction. When the temperature is lowered still 
further, curves 1 and 2 once more intersect, i.e. 
the nature of the anisotropy of the coercive force 
changes again. From Table 1 it follows that this 
type of change in the anisotropy of the coercive 
force as the temperature is lowered is observed in 
texturized specimens made from powders of other 
particle sizes also. In specimens made from coarse 
powders (720) the anisotropy of the coercive 
force is insignificant. 

Fig. 5 shows the variation of coercive force with 
particle size, along the texture axis, at various 
temperatures. On the ordinate axis in this figure is 
plotted the value of the coercive force relative to 
the coercive force along the texture axis of a texturiz- 
— made from particles of size 250u 

c)s 

As can be seen from the figure, at all temperatures 
there is observed an increase only in coercive force 
as the particle size is reduced. At room temperature 
(curve 1) the increase in coescive force is very 


considerable; as the particle size is decreased 

from 250 to 6 p, the coercive force for the specimens 
increases ninefold. At low temperatures the change 
in coercive force is considerably smaller; for the 
change in particle size quoted above, the coercive 
force increases only fourfold at a temperature of 

— 103°C (curve 2) and twofold at a temperature of 

— 196°C (curve 3). 

Fig. 6 shows the variation of coercive force with 
particle size, perpendicular to the texture axis, at 
various temperatures. On the ordinate axis is plot- 
ted the value of coercive force, relative to the value 
of coercive force perpendicular to the texture axis 
for a specimen of particle size 250 (H#). As can be 
seen from the figure, au increase of coercive force 
with decreasing particle size is observed in curves 
2 and 3, i.e. at temperatures of — 103 and — 196°C 
respectively. The increase in coercive force is 
greater at temperatures of — 196°C (curve 3) than at 
a temperature of — 103°C (curve 2). The He (d) 
relationship at room temperature is of a different 
nature from that at low temperatures. Thus, as the 
particle size is reduced from 250 to 6p, the 
coercive force in a direction perpendicular to the 
texture axis (curve 1) is almost halved. 
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FIG. 3. Demagnetization branch of the hysteresis loop, 
and return curves, in a direction along the 
texture axis of a specimen of particle 
size 6 pL. 
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FIG. 5. Relationship between coercive force, in a direct- 
ion along the texture axis, and particle size at tempera- 
tures: 1) + 20°C; 2) — 103°C; 3) — 196°C. 

(H? is coercive force along the texture axis for a 
specimen of particle size 250 y). 


Thus, when the temperature is lowered, there is 
a change in the nature of the anisotropy of coercive 
force in texturized specimens made from MnBi alloy 
powders. At the same time there is also a change in 
the nature of the coercive force — particle size 
relationship. 


ANALYSIS OF RESULTS 


In analysing the results obtained it must first of 
all be noted that, when the temperature is reduced 
from + 20 to — 196°C, the MnBi alloy undergoes a 
very sharp reduction in the magnitude of the aniso- 
tropy constant K [6]. This reduction in the value of 
K must lead, in the first place, to a re-arrangemént 


He oersted 
150 


T°C “200 


FIG. 4. Relationship between anisotropy of coercive 

force and temperature, for a specimen made from 25 ph 

powder: 1 — along the texture axis; 2 — transverse to 
the texture axis. 
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FIG. 6. Relationship between coercive force, in a direct- 
ion perpendicular to the texture axis, and particle size 
at temperatures of 1)+ 20°C; 2) — 103°C; 3) — 196°C. 
(Hé is coercive force in a direction perpendicular to the 
texture axis for a specimen of particle size 250 4). 


of the magnetic structure: it brings down the critical 
size of the ferromagnetic material, at which the 
single-domain and transitional structure is formed; 
in the second place, it leads to easier magnetization 
and in particular to a reduction in the value of the 
coercive force*. 

As was shown earlier [1-3], the magnetic struct- 
ure in finely powdered MnBi alloy at room tempera- 
ture is predominantly transitional, with possibly 


* As is well-known [7], when a ferromagnetic material, 
of isotropic form and not under stress, is magnetized, 
as is the case when its structure is single-domain, 
He ~ K/ls. In a multi-domain structure He also falls 
as K is decreased [8]. 
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single-domain structure also. A number of “anomalies” 


in magnetic properties is associated with the occur- 
rence of these magnetic structures. Let us consider 
whether these anomalies will be retained at low 
temperatures at which, because of the considerable 
reduction in the value of K, a change can be expect- 
ed in the actual magnetic structure. Thus, it was 
found that + 20°C the magnetization curve reaches 
saturation at lower field strengths than those of the 
magnetization fields at which the maximum value of 
residual magnetization is reached. This fact is ex- 
plained by the occurrence of transition structure in 
fine powders. As can be seen from Fig. 2 at a temp- 
erature of — 196°C this peculiarity disappears; the 
magnetization curve now reaches saturation at 
higher field strengths than those at which residual 
magnetization reaches its maximum value. This law 
holds good in a multi-domain structure. 

The presence of transition structure at a tempera- 
ture of 20°C also led to the return curves being of 
special shape along the texture axis of magnetically 
texturized specimens made from fine powders; a 
large section of the return curve is a horizontal 
straight line. The curves in Fig. 3, measured on the 
same specimens, but at a temperature of — 196°C, 
show that the return curves now have no horizontal 
section. This is apparently due to the disappearance 
of transition structure and the formation of multi- 
domain structure. 

The existence of transition structure (at + 20°C) 
also leads to a peculiar shape of the anisotropy, 
H_, curve. As the particle size of the powder in 
magnetically texturized specimens is reduced, H, 
along the texture axis increased (curve 1, Fig. 5), 
whereas transverse to the texture axis, at powder 
sizes below 65 yp, the coercive force falls off 
regularly [3,9] (curve 1, Fig. 6). As can be seen 
from curves 2 and 3 in Fig. 6, at low temperatures 
the shape of the H, it (d) curves transverse to the 
texture axis is “normal”, i.e. as d decreases H 
gradually increases. This also confirms the dis- 
appearance of transition structure and the formation 
of multi-domain structure at low temperatures. 

On the basis of all the experimental results it can 
be concluded that in specimens made from fine MnBi 
alloy powders, which have a transitional magnetic 
_ structure at + 20°C, multi-domain structure is formed 
instead at — 196°C. Consequently the magnetization 
processes also occur more easily, as is clearly 
shown by a comparison of the:magnetization curves 


in Fig. 1. 


As has been stated, the reduction in the value of 
K leads to the re-arrangement of the magnetic 
structure, as the powder particle size is reduced, 
taking place at lower particle sizes. This may 
explain the shape of the curves in Fig. 5, in which 
the relative increase of H, becomes smaller as the 
temperature is lowered (i.e. as k is decreased). 


CONCLUSION 


A study of the variation with temperature of the 
magnetic properties of specimens made from MnBi 
alloy powders of various particle sizes has shown 
that different types of magnetic structure can exist 
in one and the same specimens at different tempera- 
tures. Thus the transitional structure which exists 
in fine powders (1-10) at room temperature, dis- 
appears at a temperature of — 196°C and in its 
place a multi-domain structure is formed. This 
re-arrangement of the structure is associated with a 
reduction of the anisotropy constant as the temper- 
ature is lowered. 


Translated by E. Bishop 
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INVESTIGATIONS ON THE NON-DESTRUCTIVE TESTING OF RAILWAY RAILS IN 
MOVING MAGNETIC FIELDS. 
4. A STUDY OF EDDY CURRENTS INDUCED IN A RAIL BY MEANS OF THEIR 
REACTION ON THE PRIMARY FIELD* 
V. VLASOV 
Institute of Metal Physics, Urals Filial, Academy of Sciences of the U.S.S.R. 
(Received 11 September 1957) 


To solve the question of whether it is possible to utilize the eddy currents induced in rails by 
a moving magnetic field for non-destructive testing purposes, their intensity must be determined. To 
estimate the current density it is, in its turn, necessary to know the strength of the electrical field 
and also the magnitude and direction of the induction, in relation to the speed of movement [1]. Thus, 
direct estimation of the eddy current density, when the magnetizing field source and the part it is 
magnetizing are in a state of relative motion, presents obvious difficulties. 

A qualitative idea of the eddy currents induced in rails by a moving magnetic field can, of 
course, be obtained on the basis of a study of the phenomena in which these currents participate. 
Thus, a current-carrying conductor, moving in a magnetic field, experiences, as is well-known, a 
pondermotive force. Again, the eddy currents produce heating of the conductor. It must be noted that 
the heat evolved in a ferromagnetic component is due not only to the currents induced in it but also 
to its re-magnetization when the component is moved in the magnetic field. The pondermotor and 
thermal effects are essentially integrating and can in principle be used to estimate the average 


value of the edd 


to make practical use of these phenomena to estimate the currents in components w 


are magnetized under conditions of motion. 


currents over the volume of the conductor. However, it does not apget possible 


en the latter 


As is well known, eddy currents possess a magnetic field of their own, which superimposes on 
the primary field. This alters the topography of the field. The presence of eddy currents in compon- 
ents, magnetized under conditions of motion, can be deduced qualitatively from the changes which 
are brought about by the currents in the magnetic field near the component surface. Evidence on the 
currents can also be obtained from the changes of magnetic flux. Study of the magnetic field in order 
to obtain a qualitative estimate of the eddy currents induced in components by a moving magnetic 
field, has been utilized in work by Khalileev and Vlasov [2] and by Sycheva [3, 4). 

Eddy currents can be qualitatively estimated from the electrical field strength on the conductor 
surface. This method, as applied to bodies moving in a magnetic field, has been used in a few investi- 


gations 


To study the eddy currents induced in rails by a moving magnetic field, we shall make use of the 
phenomena mentioned above, with the exception of the pondermotor and thermal effect. Within the 
framework of the present work, we shall confine ourselves to studies of eddy currents from their 


reactions on the primary magnetic field. 


THE REACTION OF CURRENTS INDUCED IN 
RAILS ON THE PRIMARY MAGNETIC FIELD 


A study of the reaction of eddy currents, induced 
in rails by a moving magnetic field source, on the 
primary field, has been carried out by means of 
model experiments [6, 7]. The investigation compris- 
ed measurements of the longitudinal and transverse 
components of the resultant field near the flank 
surface of the head of a model rail, in the region of 
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the leading pole of the electromagnet. The relative 
position of the electromagnet, part of the ring 

model of the rail, and the co-ordinate system, based 
on the fixed pole piece, are shown in Fig. 1. 

The field was measured by the ballistic method, 
by suddenly moving a small flat coil from the flank 
face of the head of the model rail to a position beyond 
the limits of the field. The coil constant was 130 
turns. cm? and its contact area on the model rail 
surface was 1 cm’. 

Experiments were carried out with an electromag- 
net previously described [6], under the following 
conditions: the distance between each pole face of 
the electromagnet and the model rail surface was 
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FIG. 1. Relative positions of electromagnet, model rail 
and co-ordinate system. 


5 mm, the magnetomotive force 6.6 thousand ampere 
turns, and the speed of the model rail relative to the 
electromagnet 500 rev/min. These data relate to the 
case of magnetizing a rail by means of a similar 
electromagnet under the following conditions [7]: 
distance between electromagnet pole faces and rail 
17.5 mm, magnetomotive force 23 thousand ampere 
turns, speed of electromagnet roughly 25 km/hr. 

The results of measurements of the longitudinal 
component H, of the field near the surface of the 
head of the model rail are given in Fig. 2. 

It must be pointed out that the field near the flank 
face of the head of a type 1—A rail, magnetized under 
conditions similar to the model experiments, with the 
field measured by a coil geometrically similar to that 
in the model, will have the values plotted on this 
figure, in corresponding areas. We note also that the 
co-ordinates x, and x along the rail and the model 
respectively are connected by the relationship x,=x.x, 
where x is a coefficient of geometrical similarity. 
The inter-pole gap of the electromagnet, here and in 
the subsequent figures, is to the right of the pole 
shown in the figure. 

It can be seen from Fig. 2 that curves 1 and 2, 
which show the variation of the longitudinal compon- 
ent of the magnetic field near the flank face of the 
rail head, respectively without and with movement, 
differ notably one from the other. Consequently, 
comparatively strong eddy currents are induced 
already in rails when magnetized by an electromagnet 
of 23 thousand ampere-turns and moving at 25 km/hr. 
The transverse component of these currents is appar- 
ent in the additional longitudinal component of 
field, as compared with that component in the 
absence of movement. The additional component of 
field appearing as a result of the motion is consider- 
ably greater to the right of the point of intersection 
of the curves than to the left. This indicates that 
the transverse component of current under the trail- 
ing edge of the electromagnet pole, i.e. to the right 
of the origin of co-ordinates, is substantially great- 
er than under its leading edge. 

The electromagnet quite frequently passes over 
the rails in a different position from that discussed. 
Thus, due to the increased distance between the 


rails on curves, the electromagnet pole pieces are 
laterally displaced relative to the rail head. The 
results of field measurements near the rail head 
surface, in respect of this case, are given in Fig.3. 

As can be seen from Fig. 3, movement has a 
substantial influence on the longitudinal and trans- 
verse magnetic field components near the rail head 
surface. It is interesting to note that the points of 
intersection of curve ] and 2, showing the longitud- 
inal components of the field respectively without and 
with movement, are opposite the leading edge of the 
electromagnet poles, whereas the points of inter- 
section of curves 3 and 4, showing the transverse 
components of the field with and without movement 
are opposite the trailing edge of the pole. The form- 
er has been displaced, in comparison with the pre- 
vious figure, by roughly half the length of the electro- 
magnet pole piece, in the direction of movement of 
the electromagnet. The increase in the longitudinal 
component of field due to the movement is, as in the 
previous case, substantially greater to the right of 
the point of intersection of curves 1 and 2 than to 
the left. Moreover, the increase in the longitudinal 
component is greater, from the middle of the pole to 
its trailing edge and even a little beyond, than the 
increase in the transverse component at any point 
near the pole. This indicates that the eddy currents 
are strongest in the region of the trailing edge of 
the electromagnet pole, whilst their direction is such 
that their transverse component is the larger, bring- 
ing about the indicated change in the longitudinal 
component of the magnetic field. 

The amplitudes of the field, in the absence and in 
the presence of movement are shown in Fig. 4, as 
calculated on the basis of the field components 
(Fig. 3). It follows from this figure that the amplitude 
of the field increases throughout the length of rail 
head near the pole, as a result of the movement. At 
the same time the resultant field is at an angle to 
the primary field. The rotation of the field with 
respect to the direction of motion of the electromag- 
net is illustrated in Fig. 5, which shows graphs, on 
an arbitrary scale, of the field for x = 2 cm (x, = 7cm) 
in the absence and in the presence of movement. 
From a comparison of these graphs it can be seen 
that, as a result of the motion of the electromagnet, 
the resultant field H and the primary field H, form an 
angle 0. The latter is not constant, but changes con- 
tinuously along the rail. 


STUDY OF EDDY CURRENTS IN A RAIL FROM 
THE REACTIONS ON THE FIELD SOURCE 


By the reactions of the eddy currents on the source 
of the magnetic field is meant here their effect on the 
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H.107,A/cm 


FIG. 2. Variation of longitudinal component of field H 
near the flank face of the head of the model rail along 
the co-ordinate x, in the absence (curve 1) and in the 
presence (curve 2) of motion. 
The outline of the pole is shown on the graph by 
hatching. 


H.10°, A/cm 


FIG. 4. Variation of the amplitude of field vector H near 

the flank face of the head of the model rail, along the 

co-ordinate x, in the absence (curve 1) and in the pres- 
ence (curve 2) of movement. 


120 WH 
kW /x 10> ampere-turns 


FIG. 6. Relationship between induction B in the electro- 
magnet core and external magnetomotive force kw/, when 
rails are magnetized in the absence (curve 1) and in the 
presence (curve 2) of movement. 

is the coefficient of geometrical similarity; 

is the number of turns in the electromagnet core in the 

model; 

is the current strength in the electromagnet in the 


model. 


H.107 A/cm 


FIG. 3. Variation of longitudinal and transverse compon- 
ents of field near the flank face of the head of the rail 
(and the model) along the co-ordinate x (for the rail) and 
x, (for the model) in the absence and in the presence of 
movement. 

The outline of the pole is shown on the graph by hatch- 
ing. 

1 and 2 — longitudinal component of field, Hy, in the 
absence and in the presence of movement respectively. 


’ 3 and 4 — transverse component of field H,, in the abs- 


ence and in the presence of movement respectively. 


FIG. 5. Rotation of the magnetic field near the flank 
face of the head of the rail, due -to the motion. 

Ho, Hox and Hoy are the field strength and its longitudi- 
nal and transverse components respectively, in the abs- 
ence of movement; H, Hy and Hy are the field strength 
and its longitudinal and transverse components respect- 
ively in the presence of movement. 

@ is the angle of rotation. 


FIG. 7. Variation of induction B in the air-gap between 

the electromagnet pole and the rail surface in the 

model, along the x co-ordinate, inthe absence (curve 1) 
and in the presence (curve 2) of movement. 
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magnetic flux or induction in the electromagnet core. 
The induction in the core of the model electromagnet 
was measured by the ballistic method, by reversing 
the current in the electromagnet in the absence and 
in the presence of movement in the model. For this 
purpose a single turn of wire was placed on the elec- 
tromagnet core, at the middle of one of the magnetiz- 
ing coils. The speed of movement of the model was 
constant, and corresponded to motion of the electro- 
magnet along the rails at 45 km/hr. The magnetomo- 
tive force in the electromagnet was varied. The dis- 
tance between the electromagnet poles and the model 
surface was the same as in the previous experiments 
on study of the field. 

The results of measurements of the induction in 
the core of the electromagnet are shown in Fig. 6. 
As can be seen from the figure, the induction in the 
electromagnet core is less with movement than in the 


absence of movement, due to the eddy currents in - 
duced in the rails. However the reduction of the in- 


duction caused by eddy currents is comparatively 
slight. This is explained by the fact that the induct- 
ion inthe electromagnet core does not fully reflect 
the magnetic field due to the currents, as is confirm- 
ed by the results of measurements of the induction in 
the air-gap between the electromagnet pole and the 
model rail surface. 

The induction in the air-gap was measured by the 
ballistic method, the measuring coil being suddenly 
withdrawn from the space between the electromagnet 
poles and the model surface, in the absence and in 
the presence of movement. 

The experiment was carried out under the same 
conditions as in the case described above of the 


study of the field near the flank face of the rail 
head. The results of measurements of the induction 
in the air-gap between the electromagnet pole and 
the model rail are shown in Fig. 7. 

The distribution of the induction in the air-gap, as 
the figure shows, are substantially different in the 
case of movement fromthe distribution in the absence 
of movement, even at low speeds of movement and 
relatively low external magnetomotive forces. In the 
absence of movement the induction under the pole 
stays practically constant at 0.45 Wb/m?. The in- 
duction at the middle of the pole (x = 0) is roughly 
0.40 Wb/m? in the cases of movement. The biggest 
change in induction occurs under the leading part of 
the pole at x = 3 cm and opposite its trailing edge, 
i.e. at x = 4 cm; in the first position it falls by 23 
per cent and in the second it rises by 26 per cent, 
as against the induction in the absence of movement. 
This is explained by the fact that the currents in the 
body ahead of the pole and in its rear, relative to 


the direction of motion, are mutually opposed in 
direction. A similar variation of induction is also 
observed around the following pole of the electro- 
magnet. 

Thus the electromagnet core is influenced by two 
fields due to the currents, which are opposite in 
direction. For this reason the drop in induction in 
the core of the electromagnet, as a result of the eddy 
currents, cannot be substantial. 


THE EDDY CURRENT DENSITY IN RAILS 


An idea of the density of the currents induced in 
rails when magnetized by a moving field source is 
of considerable interest with regard to non-destruct- 
ive testing. In this connexion, without any pretence 
of accuracy, we shall estimate the current density 
in a rail, to a first rough approximation. For thés 
purpo: we shall make use of the results of the 
study described above of induction in the electro- 
magnet core. Now it must be borne in mind that the 
change of induction in the electromagnet core, as 
was pointed out above, does not correspond to the 
total current strength but to only part of it. Thus the 
current density calculated on the basis of these 
results will obviously be less than in actual fact. 

For the sake of simplification we shall assume that 
the entire magnetomotive force developed by the 
currents is applied to the air-gaps between the elec- 
tromagnet poles and the rail surface. Then, we can 
write the relationship 


1=RA®, (1) 


where / is the eddy current strength induced in the 
rails; R the reluctance of the air-gaps between the 
electromagnet poles and the rail surface; A d the 

change in magnetic flux in the electromagnet core 
due to the eddy currents in the rail. 

The external magnetomotive force applied is 5.9 
thousand ampere-turns in the model, or 24 thousand 
ampere-turns in the case of the magnetization of 
rails. To this condition, according to Fig. 6, there 
corresponds an induction in the electromagnet core — 
in the model and in the original — of 1.0 Wb/m? in 
the absence of movement and 0.85 Wb/m? in the pres- 
ence of movement. Consequently, the change in in- 
duction resulting from the motion is 0.15 Wb/m?. 
From this, we can write, for the increment of magnetic 
flux in the electromagnet in the case of the magnetiz- 
ation of rails, according to the results of the model 
experiments: 


= 0.158 x%S, (2) 
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where B, is the induction in the absence of move- 
ment, « is the coefficient of geometrical similarity 
and S the area of cross-section of the electromagnet 
in the model. 

The total reluctance of the two air-gaps between 
the electromagnet poles and the rail surface, consi- 
dered as a function of the corresponding values in 
the model experiments, can be found from the rela- 


tionship 


2d 
(3) 


where d is the air-gap between the electromagnet 
pole and the model rail surface, p. the magnetic per- 
meability of a vacuum, « the coefficient of geometric- 
al similarity and S’the area of the electrom net 
pole face in the model. 

Substituting relationships (2) and (3) in (1), we 
obtain for the current strength in rails, the expres- 


sion 


0.3KBSd 


We now note that the factors on the right-hand 
side of this expression have the following particu- 
lar values: x = 3.5; By = 1.0 Wb/m?, d = 0.5 cm, 

S and S’= 10 and 8 cm? respectively, po = 12.56 x 
10-° V.sec/A.cm. Inserting these values we find 

] = 2550 A for the eddy current strength in rails. This 
is thus the total strength of the currents developed 

in rails when magnetized by an electromagnet under 
conditions in which the latter is moving relative to 
the rails at a speed of 45 km/hr and has a magneto- 
motive force of 24 thousand ampere-turns. 

However, the eddy currents are distributed non- 
uniformly over the rail. Their maximum density is at- 
tained under the electromagnet poles and nearby, 
particularly towards the interpole space and in the 
inter-pole space itself. To a certain approximation 
it can be assumed that the entire current is concent- 
rated in a section of the rail equal to the length of 
the electromagnet. 

The length L, of an electromagnet similar to that 
in the model is given by the relationship 


L, =«(l +a), 


where / is the distance between the pole centres and 


a the length of a pole in the model electromagnet. 
Here x = 3.5, 1 = 12.5 cm and a = 4 cm. Inserting 


these values-we have L, = 58 cm for the length of a 
similar electromagnet. 

Consequently, the current density in the rails 
under the conditions specified above is roughly 
90A/cm. However, in actual fact the current density 
can obviously have either higher or lower values than 
that given, depending on the position of the area of 
rail under consideration relative to the electromagnet. 
In particular, under the electromagnet poles and near- 
by, current density values exceeding that which we 
have found can obviously be expected. 

Thus, when rails are magnetized with the field 
strengths and speeds used in non-destructive test- 
ing, quite high current densities occur. The state- 
ment, to the effect that the unipolar induction cur- 
rents in such parts are weak, made by Sapozhnikov 
[8], on the basis of work by Sycheva [3, 4], appar- 
ently does not correspond with the facts. 


CONCLUSIONS 


It has been shown that the magnetic field near the 
flank face of the head of a rail, magnetized by an 
electromagnet moving at a speed of 25 km/hr and 
having a magnetomotive force of 23 thousand ampere- 
turns is considerably greater than the field in the 
absence of movement. The largest increase occurs 
in the longitudinal component of field under the pole, 
and in the region adjacent to the interpole space of 
the electromagnet, which indicates that relatively 
strong and predominantly transverse currents are 
produced under these areas of the pole. 

It has been found that the induction in the core of 
the electromagnet falls as a result of the motion, and 
undergoes a marked re-distribution in the air-gap 
between the electromagnet poles and the rail surface, 
decreasing under the leading edges and increasing 
under the trailing edges of the poles. 

An approximate estimation is given of the current 
density, according to which, at a speed of 45 km/hr 
for the source of the magnetic field and an external 
magnetomotive force of 24 thousand ampere-turns, the 
current density in a type 1-A rail is 90A/cm. 


Translated by E. Bishop 
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In earlier works [1-3] it was shown that mosaic structure of cast crystals of aluminium depends 
essentially on the conditions of crystallization. In particular it was found that increase in the rate of 
crystal growth leads to a decrease in the dimensions of the mosaic blocks and to an increase in their 
degree of disorientation. This effect is intensified appreciably on the introduction into aluminium of 


small amounts of soluble impurities. 


We know that during solidification of an ingot the conditions of crystallization vary [4,5], in con- 
sequence of which the structure of the ingot is non-uniform throughout its volume. In most cases the 
ingot consists of three basic zones of crystallization: an external thin skin of fine crystals, an colum- 
nar zone and a central zone of relatively large equiaxial crystals. The structure and properties of 
crystals of the various zones of the ingot have not been studied closely. The small amount of data 
available indicates that the various properties change throughout the ingot cross-section. In particular, 
from [6] it follows that the crystals of the columnar zone have a greater density than those of the 
central zone, they contain fewer gas bubbles, there is a different impurity composition etc. 

In the present work, using aluminium as an example, an attempt was made to determine the 
intragranular structure of the various zones of the ingot. The basic investigation method used was 
the X-ray method; in addition the method of etching figures was also employed. 


INVESTIGATION PROCEDURE 


The original material used for the investigation 
was commercially pure aluminium (composition per 
cent 99.7 Al, 0.13 Si, 0.14 Fe, 0.01 Cu). An alumin- 
ium ingot (200g) was prepared by casting liquid 
metal into a cold iron mould and subsequently cool- 
ing it in air. The ingot obtained was cut along its 
axis and perpendicular to its axis, was treated with 
emery-paper and then underwent electrolytic polish- 
ing [7] and finally, to reveal its macrostructure 
(Fig. 1), chemical etching. The electropolishing 
process continued until the deformed layer produced 
on mechanical working had been removed complete- 
ly. The specimen “aia for the investigation was a 
segment (Fig. 1b) cut from the centre of the ingot. 


X-RAY INVESTIGATION OF THE THIN 
STRUCTURE OF THE INGOT 


The purpose of the present investigation was to 


obtain information concerning the mosaic block 
dimensions, their mutual disorientation and the 


presence of second-order stresses for the crystals 
of the various zones and for the ingot as a whole. 
In this connexion various X -ray methods of invest- 
igation were used. 
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a) Determining the mosaic angle. For these pur- 
poses the method described in [1] could have been 
used. However, this method is too laborious, espec- 
ially considering that in order to characterize the 
structure of crystals of a given zone a statistical 
analysis of structural data of the individual grains 
of the corresponding zone is generally required. We 
therefore used the less accurate but more simple 
“spread” method [8]. By this method the mosaic 
angles could be determined simultaneously for a 
large number of small crystals of the ingot, from two 
or three X-ray photographs taken at different dist- 
ances from the specimen. 

For this method a sectional ion tube was used, 
with a copper anode chamfered at an angle of 30° 
and having a diffuse focus spot measuring 3 mm in 
the vertical direction and 6 mm in the horizontal 
direction. The photographs were obtained in a back- 
reflection camera, with a circular diaphragm 0.8 mm 
in diameter placed 137 and 40 mm respectively from 
the specimen and the anode. 

Under these conditions, for the small crystals 
measuring 3-4 mm found in the ingot the angle of 
convergence y X ],5 — 2°. The photographs were 
taken at three distances from the crystal: L, = 40mm, 
L, = 62 mm, L, = 82 mm. 

The exposures were selected so that the inter- 
ference spots obtained from the same crystals at 
the three distances mentioned were blackened to 
about the same extent. The width of the spots in 
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FIG. 1. Macrostructure of aluminium ingot: 


(a) vertical; 


(b) horizontal section. 


the radial and tangential directions was determined 
using a comparator ten times for each direction. The 
relative error of measurement was ~ 5-7 per cent 
and exceeded the instrument error. 

From the spot widths h,, A,, 4, on the photographs 
obtained at the distances L,, L, and L,; was deter- 
mined the magnitude of spread 


Ahik ALik 
Wh = 
Alik 


is the difference of the distances between the reflec- 
tion and the crystal. 

The mosaic angles were determined from the spread 
of the spots in the tangential direction. The dimens- 
ions of the mosaic blocks did not appear to be small 
enough to produce noticeable spread of the spots. 
The deformation magnitude of the second-order de- 
formations was determined from the difference in the 
spread of the spots in the radial and in the tangen- 
tial directions. 

As a check on the method used experiments were 
carried out first to determine the mosaic angles of 
crystals of calcite, that, as earlier investigations 


[1] have shown, by their structure approach an ideal 
crystal. For this purpose a large single crystal of 
calcite was ground into powder and passed in suc- 
cession through sieves with a mesh of 0.25 and 

0.07 mm. The powder obtained, particle-size 
0.07-0.25 mm, when mixed with vaseline and spread 
on a glass disk, served as a test specimen for obtain- 
ing X-ray photographs. 

Without going into close detail, we can show that 
the spread of the spots in the two mutually perpen- 
dicular directions mentioned above appeared to be 
practically identical. This indicated that second- 
order deformations and isolated small crystals of 
calcite were absent. The size of the mosaic angles 
5 for individual small crystals ranged from 0 to 8%. 
The mean value of 6, determined for a large number 
of small crystals (more than 30) was 5’ and appeared 
to approach the value 4.5” found earlier for a calcite 
single crystal by the method of measuring the angu- 
lar reflection interval [1]. From this it can be con- 
cluded that the spread of the spots was due solely 
to disorientation of the mosaic blocks. 

The values determined for the mosaic angles by 
the method described above correspond, not to the 
mean but to the maximum angle of disorientation of 
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TABLE (continued) 


No. of 


Dimensions of interference 
spots, mm 


Spread Mosaic 


interference 
spot 


10, angle, 
radians minutes 


the mosaic blocks, since the measurements of the 

width of the reflexes made using a comparator cor- 
respond to the width of the microphotometric curve 
and its base [1]. 

The mosaic structure of an aluminium ingot was 
investigated under the same conditions as that of 
the crystals of calcite powder. X-ray photographs 
were taken of several areas of the columnar and 
central zones. Separate spots, located on the Debye 
rings, were obtained on the X-ray photographs, cor- 
responding to (224)-reflections at an angle 6 =81.3° 


and of (511) and (333)-radiation at an angle 0=68.7°. 


The results of the measurements of the columnar 
and central zones of the ingot are given in Tables 1 
and 2 respectively, that give the numbers of the 
photographs and of the spots, their dimensions h,, 
h,, hs in the radial (above the line) and tangential 
(below the line) directions the mean sizes of the 
spread and of the mosaic angles. 

To the spots whose numbers are dashed there cor- 
responds 0, = 81.3°, to the remainder 0, = 68.7°. 

The data in Table 1 show that the spread of the 
interference spots in the radial direction is greater 


than that in the tangential direction. Supposing that 
this difference in the spread is due mainly to the 
presence of second-order deformations, the size of 
the deformations themselves can also be estimated 
for each grain and for a zone as a whole. A rough 
estimate made in this way indicates that the small 
crystals of the columnar zone have on the average 
relatively small second-order deformations 


10-5; 


small crystals differ considerably from each other. 

For the small crystals of the central zone the 
spread of the spots in the radial and tangential 
directions practically coincided, therefore Table 2 
gives only the results of measurement in the tangen- 
tial direction from which the mosaic angles were 
determined. 

By comparing the data in Tables 1 and 2 it will 
be seen that the small crystals of the central zone 
exhibit larger mosaic angles than the small crystals 
of the acicular zone. Scatter of individual values is 
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also greater in this case, which indicates greater 
heterogeneity in the structure of the grains of the 
central zone of the ingot. 

The differences in imperfection of the small crys- 
tals of the zones mentioned can also be estimated 
from the form of the spots themselves on the X-ray 
photographs. The interference spots of the small 
crystals of the central zone are more complex in 
structure than the spots of the small crystals of the 
acicular zone; some of them comprise two, three or 
more fine spots, which indicates the complex struct- 
ure of the crystals themselves. A characteristic dif- 
ference of the spots of the central zone is also the 
fact that as a rule they are split into doublets. Thus, 
for example, of the 24 spots given in Table 2, 22 
were doublets, whereas of the 31] spots of the acicu- 
lar zone, only six were doublets. 

By comparing the mosaic angles given in Tables 1 
and 2 with the form of the spots, it was found that 
greater mosaic angles correspond to spots of com- 
plex structure. From this it is natural to suppose 
that the small crystals of the ingot are complex 
entities consisting of individual fragments larger 
than the mosaic blocks, and that in determining 
mosaic angles from complex spots the effect obtained 


is the overall one of disorientation of fragments and 
of blocks comprising the fragments themselves. Here 
the angles of mutual rotation of the fragments are 
evidently greater than those of the blocks. 

From the results obtained it can be concluded 
that the structure of the equiaxial crystals of the 
central zone is less perfect than that of the crystals 
of the columnar zone. Calculations also showed 
that second-order stresses for crystals of the columnar 
zone are greater than for crystals of the central zone. 
This is evidently due to a difference in the condi- 
tions of crystal growth and in the cooling rate in the 
different zones of the ingot. 

b) Determining the size of the blocks. In the 
experiments described above it was assumed that 
spread of the reflections in the tangential direction 
results solely from disorientation of the blocks and 
that the proportion of the spread that can be ascrib- 
ed to the small size of the blocks is infinitely small, 
the blocks themselves being relatively large. To 
check this assumption special investigations were 
carried: out; at first the line-width method [9] employ- 
ing a standard was used for this. 

Photographs were taken of a rotating specimen in 
a back-reflection camera using single (Cu) and 
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double (Cu and Cr) radiations. The standard used 
was calcite powder prepared as above. As a rule the 
lines of the calcite powder were narrower than the 
corresponding lines of the aluminium ingot. Owing to 
the coarse-grained nature of the ingot the X -ray 
lines were obtained, not in the form of complete 
rings but as small arcs. Since appreciable numbers 
of particles contributed to reflection it was not 
always possible to obtain the necessary lines simul- 
taneously on the X-ray photographs. Therefore to 
obtain a suitable photograph 10-15 preliminary pho- 
tographs had to be taker of different areas of the 
specimen. The thickness of the lines differed on the 
photographs prepared from the different areas of the 
specimen, sometimes it equalled the width of the 
lines of the standard, sometimes it was 2-3 times as 
great. The ratio of the thickness of two lines at dif- 
ferent angles was generally similar to that of the 
tangents of the respective angles. This proved that 
the thickening of the lines observed was due mainly 
to second-order deformations. The size of these 
deformations differed in the various areas of the 
specimen but averaged 

(Ad) 


— ~10°, 
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i.e. was of the same order as on determining them 
from thickening of the lines. It was not possible, 
however, on the basis of the small amount of test 
data obtained by this method, to draw any conclus- 
ions concerning differences in second-order deforma- 
tions in the various zones of the ingot. Hundreds, 
and possibly thousands of X -ray photographs would 
be necessary to be able to draw any conclusions, 
especially since only a small percentage of such 
photographs can be regarded as suitable for calcula- 
tion. 

Now that it was confirmed that line-broadening due 
to the small size of the blocks was negligible, we 
then employed a method based on the change in in- 
tensity of reflection [2] to determined the size of the 
blocks. 

This method, developed for use with single-crystal 
specimens, was also employed without modification 
to investigate the aluminium ingot, since in this 
case isolated reflections of the single particles 
forming small single crystals were obtained on the 
X-ray photographs. Thus measuring the intensity of 
~such reflections is exactly the same in principle as 
measuring that of isolated single crystals. 

X-ray photographs of an oscillating specimen were 
obtained in a special camera with a cylindrical 
oscillator (diameter 100 mm) using monochromatic 
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molybdenum radiation. Photographs were taken of 
different areas of the columnar and central zones of 
the ingot; for this the whole of the surface of the 
specimen with the exception of the area being invest- 
igated was covered with lead foil. In order to obtain 
approximately even blackening of the reflections of 
different intensities, the most intensive reflections 
were damped using aluminium foil 1.38 or 1.58 mm 
thick (for the (200)- and (111)-reflections respective- 
ly). 

After taking microphotometric readings, intensity 
curves were drawn for the reflections corresponding 
to the (111) and (222), and also to the (200) and 
(400) planes, and the areas below these curves were 
measured. After correcting for absorption by the 
aluminium foil, the experimental values of the ratios 
of the integral intensities of reflection 


ll 1200 
1999 1400 


were found from the sizes of the areas. 

The relationship between the ratios /];/I, (i andk 
denote the indexes of the reflections hkl and h’, 
k’, 1) and the dimensions of the blocks L was deter- 
mined theoretically for the same reflections accord- 
ing to the equation 


|F;\2 (1 + cos’20;) - (sin 20,) 
|2 (1 + cos?26,) - (sin 20;) 
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where | F |? is the structural multiplier corrected for 
thermal fluctuations, «¢ is the effective coefficient 
of absorption, equal to the sum of the linear coeffi- 
cient » and the quantity ze dependent on the primary 
extinction effect, 
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sin 206 nax 


u= 10.8 x pA? 


(z is the number of electrons per atom, A is the 
density, A is the wavelength of the X -ray radiation, 
6 is the Bragg angle for which the mosaic angle 
Omax was determined, u is a quantity characterizing 


the degree of parallelizm of the blocks in the crystal. 
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FIG. 2. Curves showing the relationship of /}]]//299 and 
1200/1400 to the block dimension for crystals of the 
acicular (dotted) and central (thick) zones of 
aluminium ingot. 


FIG. 3. Cells appearing in the grain of the 
central zone of aluminium ingot 
after electrolytic polishing. VOL 
x 216. 6 


TABLE 3. 


Zone of ingot 


No. of grain 


Acicular zone 


Central zone 
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The calculation values of u found from the data in 
Tables 1 and 2 for crystals of the acicular and 
central zones were ~ 0.00362 and 0.00115 respect- 
ively. 

etieied (1) the ratio of the factors of the size 
of the crystals was taken as unity. Nor were the 
changes in intensity due to static deformations of 
the third order, that evidently occur in the ingot, 
taken into account. However, there are grounds for 
supposing that these changes in intensity are slight 
compared with those due to primary and secondary 
extinction. Thus the fact that the effect mentioned 


was ignored should not have any effect in practice 
on the result of determining the size of the blocks, 
especially since the scatter of the values for the 
latter is relatively large in the case of individual 
particles. 

Corresponding curves were then drawn for the 
calculated values of the relation /;/I, — L (Fig. 2). 
According to these curves, from the experimental 
values of 1; /I, the size of the blocks in the grains 
was then determined. The results of these measure- 
ments are given in Table 3. 

It will be seen from the data given that in different 
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FIG. 4. Occurrence of etching figures near cell 
boundaries; (a) central, and (6) acicular zone 
of ingot. x 216. 


grains of the ingot there is a relatively large differ- 
ence in the block dimensions, but that these differ- 
ences are identical in order of magnitude for both 
zones. So far it is not possible to conclude from this 
that there is absolutely no difference between the 
block dimensions of the grains in the central and 
acicular zones, since there are as yet insufficient 
data for a statistical analysis. 


APPLICATION OF THE ETCHING-FIGURE 
METHOD 


The etching-figure method is fairly widespread, 
and is used in particular to determine the symmetry 
of crystals. In some cases of this type it is more 
reliable than the X-ray method. Nevertheless the 
mechanism of the formation of the etching-figures 
themselves has so far not been satisfactorily explain- 
ed, so that it is difficult to interpret the results 


obtained by this method. Some investigators suppose 
that the appearance of etching-figures is due to 
varying rates of solution of the various areas of the 
grains of the crystal, and that this process is the 
inverse of the growth process. This viewpoint is 
probably the most correct one. 

In the present work an attempt was made to use 
the etching-figure method as a supplementary method: 
to explain certain points concerning the structure of 
the grains of the aluminium ingot. 

Etching -figures were revealed on a specimen that 
had previously undergone X -ray examination by 


FIG. 5. Etching figures on different 
grains of aluminium ingot. 
x 216. 


means of chemical etching. This was done by im- 
mersing an electrolytically-polished specimen 

in a weak solution of nitride acid and hydrochloric 
acid, holding it there 2-10 sec., then removing it, 
washing it with water and drying it. The appearance 
of the etching-figures was observed under the micro- 
scope at different stages of their evolution, depending 
on the time that the specimen was held in the etch- 
ing medium. 

The following facts were ascertained as a result 
of the investigation. 

On a polished surface that has not undergone 
chemical etching a network appears (Fig. 3) the 
shape of the cells of which differs in the central 
and acicular zones. The dimensions of the individual 
cells average about 0.1 mm, that is they are many 
times smaller than the grains (cf. Fig. 1) but larger 
than the blocks. The cell boundaries in this case do 
not differ from the grain boundaries. 


a 
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Observations of the final stage of etching showed 
that the etching-figures appear above all near the 
boundaries of the cells (Fig. 4) and of the grains 
(Fig. 5) and also near defects. After holding the 
specimen for a longer period in the etching medium, 
etching-figures also appear in other areas of the 
cells, thus covering the entire grain. Here the shape 
and the orientation of the etching-figures differ in 
the various grains of the ingot (Fig. 5), which indi- 
cates that the individual grains of the ingot are 
oriented differently. At the same time the shape of 
the etching-figures in the various cells of a single 
grain remains identical. In detailed observations of 
the position of the etching-figures in the various 
cells of a single grain it was not possible to observe 
any variation in their orientation to each other. How- 
ever, this still does not prove the complete absence 
of disorientation between the cells. On the contrary, 
from the presence on the X-ray photographs of spots 
of complex structure obtained from individual grains 
of the ingot, it can be concluded that there are slight 
(of the order of several degrees) disorientations of 
the cells, which remain undetected in observations 
under the microscope. 

The experiments described above show that the 
individual grains of the ingot are not completely 
perfect in structure and consist of individual cells 
separated by boundaries. The existence of etching- 
figures within the cells suggests that the latter in 


their turn consist of more perfect crystalline elements. 


There is evidently less disorientation between such 
elements within a single cell than between the cells 
themselves. 

Since the size of the etching-figures is of the same 
order (10~ cm) as that of the blocks, determined by 
means of X-rays, it is natural to suppose that the 
etching-figures may possibly be the blocks them- 
selves. So far, however, there is insufficient evidence 
for being certain that the size of the blocks can be 
estimated from the etching figures, since the actual 
mechanism of the occurrence of the etching-figures 
is still in doubt. 


CONCLUSIONS 


The grains of the aluminium ingot are complex 
crystalline bodies consisting of fragments (cells) 
about 10-? cm in size, that are evidently elements of 
a dendritic structure and in their turn consist of 
mosaic blocks of the order of 10-° cm. The mutual 
disorientation of the fragments is greater than that 


of the blocks. 


There are appreciable differences in the perfect- 
ion of the different grains within a given zone of the 
ingot, characterized by large variations in the mosaic 


. angles and second-order deformations from grain to 


grain. 

The small crystals of the central zone are less 
perfect in structure than those of the columnar zone. 
This difference can be expressed quantitatively ac- 
cording to the mean mosaic angle which, for the 
grains of the central zone is more than three times 
that of the grains of the acicular zone. Thus the 
second-order deformations in the crystals of the’ 
acicular zone exceed those in the crystals of the 
central zone. 

The differences noted in the intergranular structure 
of the different zones of the aluminium alloy are no 
doubt due to a difference in the conditions of crystal 
growth in the various regions of the ingot. From the 
data of a previous investigation [3] it can be assumed 
that a large part is played in this by the presence in 
the metal of impurities that are driven more and more 
into the centre of the ingot as it solidifies. This is 
evidently the chief reason for the occurrence of such 
extensive disorientations of the mosaic blocks of 
the small crystals in the centre zone. 


Translated by R. Hardbottle 
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In our previous work we investigated the changes 
in the structure of iron scale taking place during 
high-temperature oxidation on replacing the water- 
vapour atmosphere by air [1] and the air by water 
vapour, by water vapour mixed with hydrogen (at 
an oxygen partial pressure producing F'e,0,) or by 
pure hydrogen [2]. Such investigations are of import- 
ance in enabling us to understand certain aspects 
of the structural picture of transformations in the 
Fe-O-system such as the solid-state reactions com- 
monly found. 

The practical importance of such investigations 
springs from the need to ascertain how gaseous cor- 
rosion is affected by the change in atmosphere fre- 
quently occurring under the actual conditions of 
service of the components of equipment. 

The object of the present work is to study by 
means of X-rays the changes in the structure of 
iron scale formed in atmospheres producing the high- 
er oxides of iron Fe,0, and Fe,0, (air and water 
vapour respectively) on continuing oxidation in a 
medium with a lower oxygen partial pressure, pro- 
ducing the lower oxide of iron FeO (a sufficiently 
rarefied mixture of water vapour and hydrogen). 

Armco-iron was used as material for the investi- 
gation. The method of obtaining the oxidizing atmos- 
pheres, and the procedure for preparing the test 
specimens and for conducting the tests were similar 
to those described earlier [2, 3]. 

Solid and tubular specimens underwent preliminary 
oxidation concurrently in an atmosphere of water 
vapour to produce magnetite scale, or in air to 
produce haematite in the outer layer. The duration 
of oxidation was selected in such a way that the 
tubular specimens became oxidized until the iron 
had completely disappeared. 


* Fiz. metal. metalloved. 6, No. 3, 444-449, 1958. 


In all the cases investigated the inner layer of 
scale consisted of wustite. 

In addition pairs of specimens (one — the tubular 
specimen — consisting solely of scale, and the 
second retaining some metal beneath the layer of 
scale) were held in an atmosphere of water vapour 
mixed with hydrogen at 1000°C. The specimens that 
had undergone preliminary oxidation in a water- 
vapour atmosphere were held for 5, 10, 30 min, 1.5 
and 12 hr. Those that had been oxidized in air were 
held for 5, 10, 30 min and 2 hr. 

During this part of the experiment on oxidation in 
a mixture of H,O + H, an indicator-specimen of uno- 
xidized iron was placed in the furnace to monitor 
the oxidation conditions (the composition of the at- 
mosphere). Single-phase wustite scale was produced 
on all the control specimens. 

In order to study the structure of the scale produc- 
ed both on preliminary and on subsequent oxidation, 
X-ray photographs were taken of the outer layer 
with Mo K-radiation, to reveal and analyse the text- 
ure according to the method described in [4], the 
relative grain-size in the outer layer of scale was 
estimated qualitatively from the spottiness of the 
diffraction lines on texture photographs taken with- 
out rotating the specimen, and the scale was ground 
into powder and submitted to phase analysis with 
Fe K-radiation. 


RESULTS OF THE EXPERIMENTS 


The structure of the scale on all the specimens — 
both solid and tubular — after preliminary oxidation 
in water vapour or in air conformed to the picture 
given earlier [1, 5-7]. 

The outer layer of the scale that was produced in 
water vapour consisted of coarse small crystals of 
Fe,0,, with clearly-defined growth texture of the 
(100) || OS-type*. The Fe,O, — crystals in the outer 


* OS denotes outer surface. 
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layer of the scale on the tubular specimens, that 
were oxidized right through, were smaller than in the 
outer layer of the solid specimens. The asterism of 
the Laue-spots on the X-ray photographs of the 
latter indicates that the small crystals of magnetite 
in the surface layer are in a stressed state. The 
tubular specimens that were oxidized right through, 
contained relatively more magnetite than wustite, 
whereas the solid specimens contained more wustite 
(judging from the intensity of the lines of these 
phases on the X-ray photograph of the powdered 


scale). 
The outer layer of the scale that had been produc- 
ed in air consisted of a-Fe,0, with clearly defined 


texture of the (111) || OS-type. The scale of the tubu- 
lar and solid specimens contained all three oxides 
of iron. The relative quantities of the oxides differ- 
ed in the specimens of the two types: the scale of 
the tubular specimens contained more haematite, 

and that of the solid specimens more wistite. 

On subsequent heating of these specimens in an 
atmosphere of a mixture of H,O + H,, producing 
wustite, the changes in the structure of the scale 
differed slightly depending on whether there was any 
metallic iron still remaining under the scale (the 
solid specimens) or whether the whole of the metal 
had turned into oxide (the tubular specimens), and 
also on the composition of the atmosphere on preli- 
minary oxidation. 


A. HEATING SPECIMENS THAT HAD BEEN 
OXIDIZED IN WATER VAPOUR IN A MIXTURE 
OF H,O +H, 


a) Solid specimens. Already after oxidation for 
5 min in H,O + H, at a temperature of 1000°C all the 
scale consists of wiustite. ‘The small crystals of FeO 
in the surface layer are finer than in the original 
magnetite, and have clearly defined texture of the 
(100) || OS-type. There is no change in the perfection 
of the cubic texture on increase in the holding period 
to 12 hr. 

After oxidation for 5 min at 800°C the scale still 
contained a small quantity of magnetite. As in the 
previous case, the outer layer of scale also consisted 
of small crystals of FeO with clearly defined texture 
of the (100) || OS-type. 

b) Tubular specimens. The higher oxide Fe,0, 
only disappears from the scale after holding for 
30 min at 1000°C. 

After holding for 5 min the intensity of the Fe,0,- 
lines on the Debye crystallogram is relatively great- 
er than that of the FeO-lines; after 10 min the intens- 
ity of the lines of the two phases is practically 


identical. X-ray photographs of the outer surface 
taken after holding for 5 and 10 min indicate the 
presence in the layer being photographed of the 
phases Fe,0, and FeO. The dimensions and the 
stressed state of the small crystals of magnetite 
remain about the same as in the original condition, 
whereas the small crystals of FeO are very fine 
(giving almost solid lines on X-ray photographs 
taken without rotating the specimen). Both phases 
have poorly developed texture of the (100) || OS-type. 

After holding for 30 min the surface layer consists 
of coarser small crystals of FeO with a definite 
texture of the same type. On increase in holding (up 
to 12 hr) the perfection of the texture increases, 
gradually reaching the same degree of perfection as 
in the solid specimens. 


B. HEATING SPECIMENS THAT HAD BEEN 
OXIDIZED IN AIR IN A MIXTURE OF H,0 + H, 


a) Solid specimens. Debye crystallograms of 
ground scale show that after holding for 5 min at 
1000°C all three oxides are present in the scale, but 
that the amount of haematite is very small. Haematite 
disappears after holding for 10 min X -ray photographs 
taken of the outer surface indicate the presence of 
magnetite and wustite only after holding for 5 and 
10 min. The layers of both these phases are text- 
ured: (111) Fe,O, || OS and (111) FeO || OS. The 
degree of perfection of the texture is far greater 
after 10 min than after 5 min. The small crystals of 
the two phases are very fine (there is scarcely any 
spottiness of the Debye rings). 

After holding for 30 min and 2 hr the scale consists 
of a single wustite phase, with very clearly-defined 
texture of the same type. Texture photographs of 
these specimens, taken without rotating the speci- 
men, exhibit almost continuous texture maxima con- 
sisting of very fine points (more clearly-defined than 
on the texture-photographs of the specimens after 
oxidation for 5 and 10 min in H,O + H,). 

b) Tubular specimens. The changes are the same 
as in the solid specimens. After holding for 5 min 
there is slightly more haematite in the scale; after 
holding for 10 min the haematite disappears, but 
slightly more magnetite remains in the scale than in 
the solid specimens. The texture has less perfection 
than in the solid specimens. 

After oxidation for 30 min and 2 hr the octahedral 
texture in the single-phase-wustite scale becomes 


just as perfect as thet in the scale of solid specimens. 


The specimens that underwent preliminary oxida- 
tion in water vapour and in air differ in their external 
appearance after being held in an atmosphere of 
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H,O + H,. Whereas the scale of the specimens 
treated in water vapour retains its monolithic nature 
and continuity, cracks that can be see with the naked 
eye have appeared on the specimens treated in air. 
The tubular specimens have lost their cylindrical 
shape and the scale has become very brittle and 

has broken up into pieces. On increase in the period 


of holding in H,O + H, the number of cracks and the 
degree of disintegration of the scale increases. 

As was mentioned earlier, the specimens being 
investigated were accompanied by indicator-speci- 
mens to monitor the composition of the mixture of 
H,O + H,. In all the experiments a layer of coarse- 
crystalline wustite with a texture of the (110) FeO | 
OS-type formed on the surface of these specimens. 
This is in agreement with the results reported in 


[3]. 
EVALUATION OF THE RESULTS 


The magnetite and the haematite of the scale that 
formed on the outer surface of the specimens on pre- 
liminary oxidation in water vapour and in air respect- 
ively are thermodynamically unstable in an atmos- 
phere of a mixture of H,O + H, producing the lower 
oxide of iron-wustite. Thus changes occur in the 
structure of the scale, which on the basis of the ex- 
perimental data obtained can be represented as 
follows. 

We will deal first of all with the mechanism of the 
modification of scale produced in water vapour. 

Hydrogen molecules being absorbed on the surface 
of the magnetite interact with the oxygen in the 
Fe,0,-lattice, lowering its content in the lattice. A 
relative increase takes place in the concentration of 
iron ions up to a level at which transformation of the 
Fe ,0,-phase into FeO becomes necessary. This 
transformation occurs through modification of the 
lattice whilst maintaining the orientation link: (100) 
FeO || (100) Fe,0,. It is possible that the extensive 
decrease in volume accompanying the modification 
process leads to the small crystals of wustite produc- 
ed disintegrating and becoming disoriented (the de- 
finition of the texture of the layer of FeO in the 
tubular specimens is comparatively poor after short 
holding periods). 

The further process of deoxidation of the magnetite 
“buried” under the layer of wustite produced takes 
place through diffusion of iron from the surface in- 
wards, that is made possible by the resulting gradient 
of the iron concentration. 

Since the process is a high-temperature process, 
the stresses arising in the wustite lattice are reliev- 
ed by a process of recrystallization, that develops 


and is manifested in a change in the grain-size. 
Here the recrystallization texture is oriented with 
respect to the texture of the original higher oxides. 

In the case of specimens that retained an iron 
base deoxidation of the magnetite occurs not only 
through diffusion of iron ions from the surface in- 
wards, but also through iron ions being diffused 
from the core. Therefore the magnetite disappears 
more rapidly from the solid specimens than from the 
tubular specimens. 

The continuing diffusion of iron ions in the solid 
specimens, even after the Fe,0, has been complete- 
ly deoxidized, leads to the formation and growth of 
new layers of wustite on the outer surface of the 
crystals of FeO that formed earlier and that by now 
are oriented. The new small crystals submit to the 
orienting effect of the “base-layer” and retain a 
cubic texture, whilst on the control specimen a 
texture of the (110) FeO || OS-type appears, that is 
characteristic of the second part of the experiment. 

The mechanism of the modification of scale whose 
top layer consisted of a higher oxide of iron — 
a-Fe,0, — is similar to that described above, but is 
complicated by a further initial modification, viz. 
a-Fe,0; > Fe,0,. The haematite present on the outer 
surface of the scale, that is thermodynamically uns- 
table in a mixture of H,O + H,, is first reduced to 
magnetite so that (111) Fe,O, || (111) a-Fe,0,. The 
magnetite in turn is reduced to wustite, and again 
the orientation link is maintained: (111) FeO || (111) 
Fe,0,. 

For a short time during the deoxidation process 
the scale has a complex laminated structure. Below 
the new surface layer of FeO is a layer of Fe,0,- 
phase being renewed (through deoxidation of the 
“buried” haematite) then a layer of haematite that 
has not been deoxidized and, still lower, a layer of 
Fe ,0,-phase that formed earlier (on preliminary 
oxidation). Between the latter and the metallic iron 
there is still a layer of FeO. 

The large stresses produced in the wustite-lattice 
as a result of the double phase transformation 
a-Fe,0, + Fe,0, > FeO lead to extensive disintegra- 
tion of the surface layer of the specimen and to the 
appearance in it of macrocracking. Because of this 
the higher oxides disappear owing,not only to diffus- 
ion of iron ions, but also to hydrogen penetrating the 
cracks and reaching these layers. For tubular speci- 
mens the second of these possibilities is evidently 
the more important; for solid specimens it is of im- 
portance only at the start of holding the specimen in 
a mixture of H,O + Hj. 

In solid specimens the process referred to above, 
of deoxidation of the higher oxides taking place from 
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the outer surface, is accompanied by deoxidation of 
magnetite and haematite through the diffusion of 
iron ions from the core of the specimen. Initially 
these iron are able to deoxidize the “buried” higher 
oxides only, but later they become able more and 
more to reach the outer surface. The layers of 
wustite accumulating in this way on the outer sur- 
face during this stage of the process “heal” the 
cracks that appeared here earlier, consequently pre- 
venting the direct penetration of the deoxidizing gas 
into the scale. 

In solid specimens diffusion of iron ions onto the 
outer surface continues even after the higher oxides 
have disappeared completely. In the new layers of 
wistite appearing on the outer surface the octahedral 
texture is retained (owing to the orienting effect of 
the base-layer). In tubular specimens there takes 
place a process of selective recrystallization only, 
leading only to coarsening of the small crystals of 
wustite. 

It was pointed out above that in the new layers 
forming (on solid specimens in the second part of the 
experiment) the crystallographic type of texture is 
due to the orientation link with the original higher 
oxides and is not the equilibrium one for the second 
part of the experiment; in specimens that underwent 
preliminary oxidation in water vapour the texture is 
(100) FeO || OS, in specimens that underwent preli- 
minary oxidation in air it is (111) FeO || OS, whereas 
in the control specimens it is (110) FeO || OS. This 
is evidently due to the great similarity in the surface 
energies of the (100), (111) and (110) faces of wiust- 
ite; this problem has been gone into in greater detail 
in [3]. 


CONCLUSION 


The scale produced on the oxidation of iron in 
water vapour or in air undergoes a number of struct- 
ural changes if the atmosphere in which it was pro- 
duced is replaced by a mixture of water vapour and 
hydrogen producing the lower oxide of iron — wustite 
(at temperatures of 800-1000°C); these changes re- 
sult from the following processes. 

1. On the outside of the scale there develops a 
process of deoxidation of the higher oxide to FeO, 
accompanied by diffusion of iron ions (there is a 
surplus of these on the outer layer as a result of the 
continuing deoxidation) into the scale. The deoxida- 
tion entails a crystallographically-ordered modifica- 
tion, and there is a link in orientation between the 
product of deoxidation and the original higher oxide, 
the texture of the latter being imparted to the product 
of deoxidation. 


As a result of diffusion of iron inwards from the 
outer layer, deoxidation takes place deep into the 
scale. 

2. The changes in volume occurring during the 
change from the higher-oxide lattice to the lower- 
oxide lattice produce stresses in the outer layer of 
scale. This leads on the one hand to cracking (that 
is especially severe in cases where oxidation took 
place initially in air and the outer layer of the scale 
contained haematite, so that in the following stage 
the double modification haematite-magnetite-wustite 
took place in this layer). On the other hand the 
stresses bring about recrystallization, leading to 
coarsening of the grain in the layer of deoxidized 
oxide, with the retention of texture, that at this 
stage is recrystallization-growth texture. Crystal- 
lographically this texture is linked in orientation 
with the texture produced on deoxidation. 

3. The occurrence of cracking in the outer layer 
of scale speeds up the deoxidation in the lower 
layers, since the deoxidizing gas penetrates to them 
through the cracks and interacts directly with the 
oxides within the scale. 

4. When specimens contain unoxidized metal below 
the scale the higher oxide becomes deoxidized both 
through diffusion of iron from the outer layers of 
scale undergoing modification, and also through dif- 
fusion from the core. The latter process continues 
even after deoxidation of the higher oxides is com- 
plete. At this stage wistite continues to accumulate 
on the outside of the scale, while the texture remains 
the same as during the earlier stage of the process. 

5. The fact that the layer of wustite retains the 
type of texture due to the link in orientation with the 
original higher oxide, notwithstanding the discrepan- 
cy between this type and the conditions of continued 
oxidation, is in agreement with the results of previous 
investigations on texture in wustite-scale and is 
evidently due to the great similarity between the 
surface energies of the (100), (110) and (111) faces 


of wustite. 


Translated by R. Hardbottle 
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At present considerable material has been amassed on the subjects of self-diffusion and diffusion 


in pure metals, from which it has been possible to make extensive comparisons of the parameters of 
diffusion and various physical constants of a solid (heat of sublimation [1], melting point [2], creep 
activation energy [3l, heat content [4] etc.) Certain empirical relationships which have been established, 
however, between the characteristics of solids listed and the self-diffusion activation energy, and 
which are confirmed in many cases, have so far not received sufficient theoretical explanation. 

At present, diffusion investigation usually takes the form of a study of the diffusion character- 
istics of binary and more complex alloys. Various authors [5-10] have noted in their work the pres- 
ence of a characteristic relationship between the coefficient of diffusion in complex alloys and the 
concentration of the components, the alloy structure, and also other characteristics of a solid. On 
varying the concentration of the constituents of continuous solid solutions of binary and ternary 
systems the coefficient of diffusion was seen to change monotonically; in some cases it increased 
on the introduction of elements into the solid solution, in others it decreased. 

As was shown in[11], in the metallic systems in which chemical compounds form, there is a sharp 
break, characteristic of singular points, on the curves showing the relationship of the coefficient of 
diffusion and the activation energy to the alloy composition. Here, in the alloy corresponding to a 
chemical compound, there was a noticeable peak of the diffusion activation energy and a minimum 


of the diffusion coefficient. 


However, whereas we now have some data concerning diffusion in continuous solid solutions of 
binary and ternary systems and in metallic systems in which chemical compounds form, little has 
been done to study diffusion in solid solutions relating to metallic systems of limited solubility. 

Meanwhile metallic systems of limited solubility are now assuming very great importance. As 
was shown in [12], on curves showing the relationship of the heat resistance to the alloy composi- 
tion maxima occur in the region corresponding at given temperatures to saturation of the solid solu- 
tion by the alloying admixtures. Hence it follows that a study of diffusion in such systems may be 


of great scientific and practical importance. 


In the present paper data are reported concerning 
the study of diffusion in saturated solid solutions 
of the following systems: binary Ni-Ti, ternary 
Ni-Ti-Cr and quintuple Ni-Ti-Cr-W-Al. 

To study diffusion, nickel-base alloys were select- 
ed of compositions corresponding to saturated solid 
solutions at temperatures of 950° (binary alloy), 
1050° (ternary alloy) and 1150° (quintuple alloy). 
Below these temperatures finely-dispersed precipit- 
ates were observed at the boundaries and in the 
grain volume in the alloys. These precipitates 
coalesced on lengthy annealing. The alloy of the 
Ni-Ti-system was selected to give saturation at the 
given temperature of a nickel-base solid solution 
with 8 per cent by weight of titanium, whilst the 
alloys of the Ni-Ti-Cr- and Ni-Ti-Cr-W-Al-systems 


were selected to give saturation of a nickel-base 


* Fiz. metal. metalloved., 6, No. 3, 450-455, 1958. 


solid solution by titanium (3.4 per cent) together 
with chromium (20 per cent) and titanium (3 per cent), 
chromium (20 per cent), tungsten (6 per cent) and 
aluminium (4.5 per cent) respectively. 

The alloys were chosen in accordance with the 
problem facing us, that of studying the effect of 
alloying elements on the diffusion processes in 
nickel-base solid solutions. 

The task of solving this problem was complicated 
by the alloys having different numbers of constituents 
(the numbers ranged from two to five), and in addi- 
tion the content of the constituents differed in each 
case, and depended solely on the state of saturation 
of the solid solution of the composition in question. 
In view of the considerable difference in the content 
of the constituents in the various alloys (including 
that of nickel itself), it was impossible to study 
diffusion either of the base or of any of the consti- 
tuents of the alloys selected. The results obtained 
from such a study might be very indeterminate, and 
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FIG. 1. a — Specific activity of radio-active iron as a function of the distance 

from the surface of the specimen for alloys of the systems: Ni-Ti, Ni-Ti-Cr, 

Ni-Ti-Cr-W-Al (lines 1-3) at a diffusion-annealing temperature of 960° for 
260 hr; b — the same, at 1250 for 3 hr. 


increasingly so in view of the dependence of the 
coefficient of diffusion on the concentration. Owing 
to the complex structure of the alloys it was not 
possible to discover the concentration-dependence 
of their constituents. Thus to solve our problem it 
was necessary to study the diffusion in these alloys 
of a chemical element that was not present in any 
of them. By this means the effect of the concent- 
ration-dependence of the diffusion coefficient could 
be eliminated from the problem. 

The element chosen for diffusion was iron. It was 
not present in any of our alloys, and in addition a 
detailed study had already been made [13] of the 
diffusion of iron in pure nickel. 

The coefficients of diffusion were measured using 
our method [14]. To determine the coefficients of 
diffusion by this method disks 20 mm in diameter 
and 2-3 mm thick were prepared of the alloys 
mentioned. One of the polished surfaces of the disk 
was coated electrolytically with a thin layer of radio- 
active **Fe. After diffusion annealing at a constant 
temperature ( + 2°) thin layers were removed from the 
specimens by electrolytic polishing and the specific 
activity of the radioactive iron was determined in 
each layer removed. The error of measurement of the 
coefficient of diffusion by this method was about 
5 per cent. 

The coefficients of diffusion of iron in the alloys 
mentioned were measured in the temperature interval 
from 950 to 1250°, on periods of diffusion annealing 
ranging from 500 to 4 hr respectively. 

In Fig. 1 are given the results of measuring the 
specific activity a of each layer removed in relation 
to the square of its distance from the surface of the 
specimen, for diffusion of iron at 960° ‘Fig. la) and 
1250° (Fig. 1b). As can be seen from these figures, 
the experimental points fall along straight lines, 
and this enabled the coefficients of diffusion to be 


determined with reliability. The coefficients of 
diffusion D were excellently reproduced on measur- 
ing them in alloys of various melts submitted to 
homogenization and diffusion annealing for various 
lengths of time. 

The magnitude of the coefficients of diffusion 
calculated from the angles of slope of the experi- 
mental straight lines in Fig. 1, and from the exper- 
imental data obtained at different temperatures 
showed that the value of D in the quintuple alloy 
falls sharply (by almost a whole order) at a temper- 
ature of 960° compared with that in the binary and 
ternary alloys (Fig. la). At 1050° the ratio between 
the coefficients of diffusion is seen to be about the 
same as that at 960°. At a temperature of 1100°, 
however, the value of D in the ternary alloy is 
practically identical with that in the quintuple alloy. 
On further rise in temperature (1 200°) the value of 
D in the quintuple alloy becomes greater than that in 
the ternary alloy. The ratio between the coefficients 
of diffusion is the same, but more clearly-defined, 
at 1250° (Fig. 1,b). 

The decrease in the value of D with increase in 
the complexity of the alloy systems is not due to 
change in the grain-size. Although we know that the 
value of the coefficient of diffusion depends a great 
deal on the grain-size, it increases with a decrease 
of the grain-size. 

Our investigations into the microstructure of the 
alloys studied showed that the largest grain-size 
(of the order of several mm) occurred in the binary 
alloy, in the ternary alloy it was slightly smaller 
and in the quintuple alloy it was considerably 
smaller still (400-500 

An analysis of the relationships of log ato x?, 
and autoradiographic data from investigation of the 
alloys at various temperatures showed that volume 
diffusion took place in the binary and ternary alloys 
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FIG. 2. Temperature-dependence of the coefficients of 
diffusion of iron in alloys of the optimum composition 
of the systems: Ni-Ti, Ni-Ti-Cr, Ni-Ti-Cr-W-Al 
(lines 1—3). 


that the experimental points for each alloy through- 
out the whole range of temperatures investigated 
fall along a single straight line. From this it may be 
concluded that the activation energy of the diffus- 
ion process remains constant within the temperature 
range 960-1250°. This experimental fact indicates 
that even at high temperatures (1150-1250°), when 
the alloys are not saturated, and at comparatively 


low temperatures (960-1150°), when the alloys are 
in a state of saturation, the diffusion process taking 


place remains the same. 

The degree of saturation of the solid solutions 
clearly varies a great deal with temperature. Our 
investigation into diffusion in a wide range of 
temperatures enables it to be concluded that no 


TABLE 1. 


Diffusion medium Ni | Ni — Ti 


Ni — Ti—Cr | Ni— Ti—Cr—W—Al 


E-activation energy | 
of diffusion, 50700 
cal/g-atom 


73100 


84000 


| 
| 


Do. cm*/sec 9. 107° | 1.6- 10! 


| 4.45 - 102 


at all the temperatures investigated. In the case of 
the quintuple alloy, volume diffusion throughout the 
entire thickness of the diffusion layer was observed 
at temperatures exceeding 1100° only. Below this 
temperature there is a kink in the log a — x? curves 
for the quintuple alloy (cf. Fig. 1), denoting, as the 
autoradiographic data sh owed, a transition from 
predominantly volume diffusion to predominantly 


intercrystalline diffusion. 
It must be noted, moreover, that it was possible to 


obtain reproducible coefficients of diffusion on 
repeated testing only by completely eliminating oxid- 
ation of the specimens during annealing. This was 
achieved by placing the specimens in double-walled 
evacuated quartz flasks, the space between the 
walls being packed with titanium turnings. 

All the above experimental data, and the coeffi- 
cients of diffusion calculated from these data refer 
to volume diffusion. 

The temperature-dependence of the coefficients of 
the volume diffusion of iron in the alloys investigat- 
ed is shown in Fig. 2. It will be seen from Fig. 2 


noticeable change in the activation energy of diffus- 
ion takes place with temperature in the alloys of the 
complex metallic systems studied. 

From the experimental data concerning the change 
in the coefficients of diffusion the activation energy 
of the diffusion process was calculated using the 
method of the least squares. Table 1 gives the 
values of the activation energy of the diffusion of 
iron in alloys of the ternary, binary and quintuple 
systems, and also the value of the activation energy 
of the diffusion of iron in pure nickel. 

From the data that we obtained on measuring the 
activation energy of diffusion it can be concluded 
that as a result of alloying a nickel-base solid 
solution with titanium or with titanium and chromium, 
or with titanium, chromium, tungsten and aluminium 
simultaneously, the energy of interatomic bonds in 
the alloys is increased. 

This conclusion is in excellent agreement with 
X-ray investigation data of alloys similar to those 
used by us, obtained by Kurdiumov and his co- 
workers [16]. They showed by direct experiment that 
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FIG. 3. Relationship between pre-exponential factor and activation 

energy for the diffusion of iron in pure nickel, in nickel-base 

binary, ternary and quintuple alloys, and in iron-nickel and iron - 
molybdenum alloys and in pure iron. 


introduction of titanium and aluminium into a nickel- 
solid solution increases the forces of interatomic 
bonds of the atoms in the crystal lattice of the alloys. 
This conclusion was drawn from measurements of 

the mean square deviations of the atoms of the crys- 
tal lattice of the alloys from the equilibrium position. 
The maximum increase in the interatomic bond- 

forces was observed on the simultaneous introduction 
of titanium and aluminium into a nickel solid-solu- 
tion. 

On comparing this result with the data from our 
investigation into diffusion, it can be concluded 
that on carrying out the experiments sufficiently 
methodically measurement of the activation energy 
of diffusion enables the actual change in the inter- 
atomic bond-forces in alloys to be determined. This 
means that other conditions being equal, and if the 
effect on the magnitude of the diffusion coefficient 
of the concentration of the constituents, the grain- 
size, the phase condition etc. is eliminated, the 
activation energy of diffusion is an index of the 
actual change in the bond-forces of the atoms in the 
crystal lattice of the alloys. 

We also calculated the value of the pre-exponential 
factor D, for each alloy investigated. Fig. 3 compares 
the values of the activation energy of diffusion E and 
of log Do. It will ke seen from the figure that the ex- 
perimental points fall along a single straight line. 

We obtained these straight-line relationships for the 
case of diffusion in alloys, one of whose constitu- 

ents was iron. From the experimental data reported 

in the present paper it follows that there is a linear 
relationship between E and log D, also on diffusion 
of iron in alloys that are more complex than binary 

alloys. As can be seen from Fig. 3, the angle of 


slope of the straight line with the co-ordinates E 
and log D, resembles that of the corresponding 
straight lines that we obtained for diffusion of iron 
in iron-nickel and iron-molybdenum alloys. The 
slope of the straight line in Fig. 3 is also similar 
to the slope of the straight line obtained by Gruzin 
[15] from experimental data of alloys of the iron- 
group. 

I feel it my duty to express my deep gratitude to 
Prof. I.I. Kornilov for his useful advice. 


CONCLUSIONS 


1. Using radio-active isotopes, the coefficient of 
diffusion of iron was measured in limited solid 
solutions of the following systems: Ni-Ti, Ni-Ti-Cr 
and Ni-Ti-Cr-W-Al in the temperature range from 
920 - 1250°. 

2. From the results of measuring the coefficients 
of diffusion were calculated the activation energy 
and the pre-exponential factor for diffusion of iron 
in the alloys investigated. 

3. The results of the investigation showed that in 
range considered the activation energy for diffusion 
in the nickel-base solid solutions studied, is indep- 
endent of temperature, 

4. The activation energy of the diffusion process 
increases successively on passing from pure nickel 
to alloys of the systems: binary Ni-Ti, ternary 
Ni-Ti-Cr and quintuple Ni-Ti-Cr-W-Al. 

5. Other things being equal, the change in the 
activation energy of diffusion in the alloys gives an 
objective representation of the change in the energy 
of interatomic bonds of the atoms in the crystal 
lattice in passing from one alloy to another. 
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6. The activation energy’ of the diffusion process dependent on the logarithm of the pre-exponential 
in complex nickel-base solid solutions is linearly factor. Translated by R. Hardbottle 
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STUDY OF SINTERING IRON-NICKEL-ALUMINIUM ALLOYS * 
A.B. AL’TMAN 
(Received 27 November 1956) 


Iron-nickel-aluminium alloys are widely used in technology as a material for permanent magnets. 
They are frequently made by powder metallurgy methods, by compacting and sintering from powders 
(1, 2]. During sintering, the compact is converted from a conglomerate of weakly adhering different 
particles into strong particles with high magnetic properties. 

The conditions for sintering such magnets are fairly well-known [3-5]. However, the physical 
and chemical processes which occur during sintering have been little studied, although such a study 
is of considerable interest. The hard magnetic iron-nickel-aluminium alloys are multi-component 
systems, forming on heating a homogeneous solid solution, but which on cooling undergo precipita- 
tion hardening with the formation of two phases: one having an iron basis, and the other having a 
basis of the inter-metallic compound NiAl [6-8]. These alloys sometimes contain cobalt, copper and 
titanium as impurities, which, however, do not affect the structural transformations in the magnets 
[9]. Sintering of the alloys is complicated by the presence of aluminium and titanium, which tend to 


form oxides which are difficult to reduce. 


The object of the present study was to elucidate the processes which occur during the sintering 


of iron-nickel-aluminium alloys. 


EXPERIMENTAL 


In this study, the sintering of iron-nickel- 
aluminium alloys was treated as a form of heat 
treatment of compacts of a mixture of powders of 
the necessary composition, by heating them in 
conditions preventing complete fusion, to obtain 
mechanically strong components with hard magnetic 
properties. It was assumed that: 

(1) sintering embraces a number of physical and 
chemical processes; 

(2) these processes occur in sequence or simul- 
taneously; 

(3) the individual processes attain fairly high 
rates at certain stages of heating, exerting in the 
corresponding temperature ranges a predominate 
effect on the structure and properties of the compon- 
ent. 

Information about the processes occurring during 
sintering was deduced from the change in structure 
and properties of the specimens sintered at various 
temperatures and for various times. 

The composition of the alloys investigated is 
shown in Table 1, and the characteristics of the 
initial metallic powders in Table 2. The specimens 
were compacted at 20°C from the powders mixed in 
the desired ratio. The specific compacting pressure 
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was 10 ton/cm? (specimens for tension tests were 
compacted at 4 ton/cm?). Sintering was carried out 
in an atmosphere of pure hydrogen. 

The methods of purifying the hydrogen is import- 
ant, because alloys containing elements forming 
difficulty reducible oxides must not contain sources 
of oxygen. Initially, the hydrogen was purified in a 
furnace, by causing the oxygen in it to combine with 
heated copper chips, and absorbing the water formed 
in phosphorus pentoxide. Further purification was 
carried out directly in the furnace itself. The comp- 
act during sintering was placed on a bed of a mix- 
ture of powders of iron-aluminium alloys (80 per cent 
iron, 20 per cent aluminium), and titanium dioxide. 

The particles of iron-aluminium alloys chemisorb- 
ed oxygen which entered the furnace, and created 
immediately around the object being sintered an 
atmosphere of pure and dry hydrogen. The iron- 
aluminium alloy can be replaced by some other alloy 
containing metals having a high affinity for oxygen, 
and forming oxides which are not reduced by hydro- 
gen (e.g. nickel-aluminium, chromium-aluminium 
alloys etc.); the titanium dioxide can also be replac- 
ed by alumina etc. The object of the oxides in the 
mixture is to prevent bonding of the metallic part- 
icles to one another. This method was worked out 
in the U.S.S.R. in 1946. Somewhat later a similar 
method was published independently [10]. 

The alni specimens were sintered at 100-1330°C 
(for 4 hr and at 1310°C (30 min- 16 hr). The alnico 
specimens were sintered for 4 hr at 875 - 1320°C, 
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TABLE 1. 


Content of elements, % 


Ni | Co 


Alnico 
Magnico 


| 
| 


TABLE 2. 


Method of production 


Chemical content , 


Granulo-metric content 


% Dimension 
of 
particles 


Quantity of 
particles % 


Grinding in 
cyclone mill 


98.25 Fe, 0.04 C, 
0.39 Mn, traces Si, 
0.026 S, 0.027 P 


— 147 100 


Nickel 


99.75 Ni, 0.11 Co, 
Electrolysis 0.03 Cu, 0,06 Fe, 0.01Si, 
0.01 C, 0.090», 0.10 H,O 


+64 
—644 44 
—44 


Fe-Al 
alloy 


Ball mill 
grinding 


49.57 Fe, 49.87 Al, 
0.05 Co, 0.10 Ni, 
0.12 Cu, 0.28 Si 


Cobalt Electrolysis 


0.04 Ni, 0.02 Cu, 
0.14 Fe, 0.01 Si, 
rest. Co 


Electrolysis 


99.68 Cu, 0.01 Fe, 
0.03 calcination 
residue 


and those of magnico for half-an-hour at 100-1350°C. 
The maximum heating temperature in each series of 
experiments was that of onset of fusion. The average 
rate of heating was about 10°C /min, and of cooling, 
about 35°C /min. For comparison, the same compacts 
were studied without having been sintered. Densi- 
ties, resistivities, residual inductions, and coerciv- 
ities were measured on specimens of all alloys, 
while the magnetic saturation was measured only on 
specimens of alni and alnico; tensile, compressive, 
and bending strengths, were measured on alni speci- 
mens, and microhardnesses on specimens of alnico. 
All the tests were made at room temperature. Metal- 


lographic analyses were also made. 

Densities were determined by dividing weights by 
volumes. The magnetic saturation was measured by 
a ballistic method, the specimens being removed 
from the field of an electromagnet (7500 oersteds). 
The residual induction was determined by a ballistic 
method in a closed circuit, and the coercivity by 
removing froma solenoid with a field of up to 1500 
oersted. The resistivity was measured on a Kelvin 
bridge, with a mirror galvanometer. Tension tests 
were made on an M-4R machine, and compression 
tests on a GZIP machine. Bend tests were made 
around an 8 mm diameter mandrel. Hardnesses were 
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Study of sintering iron-nickel-aluminium alloys 


FIG. 1. Micrographs of alni specimens after sintering at various temperatures for 4 hr: 
a = after compacting (before sintering) withe@ut etching, x 80; 
b = after sintering at 800°C, electrolytic etching in 50 per cent HC in alcohol, x 360; 


c = ditto, 1000°C, 
d = ditto, 1050°C, 
e = ditto, 1100°C, 
f = ditto, 1175°C, 
g = ditto, 1260°C, 
h = ditto, 1310°C, 


measured by the Brinell method (with a load of 60 
kg and a ball of 3.17 mm diameter); microhardnes- 
ses were measured on a PMT-3 machine, with a dia- 
mond indenter, under a load of 50 g, on unetched 
microsections; 80-200 determinations were made on 


etched; 
etched; 
etched; 
etched; 
etched; 
etched x 80. 


each specimen. 

The dimensions of the specimens for measure- 
ment of compressive strengths were 10 mm diameter 
x 10 mn, the dimensions of the gauge length for 
tension tests were 45 x 10 x 4 mm. All other 
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FIG. 2. Effect of sintering temperature on physical properties of alni 
specimens (4 hr sintering): 


1 = density; 


2 = resistivity; 

3 = residual induction; 

4 = magnetic saturation; 
5 = coercivity; 

6 = compressive strength; 
7 = tensile strength; 

8 = bend strength. 


The curves for resistivity 


and coercivity are shown in two 


different scales. 


properties were measured on 40 x 12 x 6 mm speci- 
mens. The number of specimens per point was 4-5, 
or in certain cases twice as many. Below, we report 
mean results. 

Microstructures were studied on the 10 mm diameter, 
10 mm long specimens. Before etching, the speci- 
mens were immersed in a bakelite resin to prevent 
filling of the pores with etchant, which could oxidize 
the microsection. 


RESULTS 


Alni. Before sintering, specimens of alni were 
simply a mechanical mixture of the particles of the 
original powders (Fig. la). This structure was retain- 
ed after sintering up to 700°C. Appreciable dissolu- 
tion of the particles was observed after heating to 
800°C (Fig. 1b). Polyhedrons, characteristic of 
cast iron-nickel-aluminium alloys (at small magni- 
fications), as isolated inclusions, first appeared in 


specimens sintered at 1000° (Fig. 1c). As the sin- 
tering temperature increased, the number of areas 
with a polyhedrial structure increased rapidly 
(Fig. 1d, le). Specimens sintered at 1175°C were 
almost completely polyhedric, fine-grained and 
highly porous (Fig. 1f). At approximately the same 
temperature, the formation of high-temperature solid 
solutions from the alloy components is completed. 
Sintering at higher temperatures (up to 1310°C) 
lowers porosity (Fig. lg, lh). Note the differences 
in grain size in the specimens. The fine-grained 
structures obtained in this series of experiments 
are typical for powder metallurgy iron-nickel- 
aluminium alloys. Specimens sintered at 1330°C 
were slightly fused, which shows up in a rounding 
of their grains, and also in a considerable increase 
in grain size and porosity. 

Fig. 2 shows the dependence of physical proper- 
ties on the sintering temperature. Resistivity has 
often been used as a criterion for the extent of 
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FIG. 3. Effect of sintering time on physical properties of alni 
specimens sintered at 1310°C: 


1 = density; 


2 and 2* = resistivity (on two different scales); 


coercivity; 


4 
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6 
8 


contact between particles in powder metallurgy 
products [11, 12]. Since the density of the alni 
specimens scarcely changes in sintering between 
100 and 600°C; the reduction of resistivity in this 
range must be due mainly to an increase in the area 
of metallic contact between the particles, through a 
reduction of the films of oxides of iron, nickel and 
copper, or, in other words, through an increase in 
the surface of adhesion between particles. Recovery 
and recrystallization in particles of iron, copper and 
nickel, deformed during compacting, must also bear 
some responsibility for the fall in resistivity (the 
rough recrystallization temperatures are: 200°C for 
copper, 450°C for iron and 600°C for nickel [13]). 
Apparently, as recovery and recrystallization of 

iron develop, there is a fall of coercivity of the 
specimens after sintering at 100-600°C. 

The increase in mechanical strength of specimens 
sintered at 500- 600°C, over the strength of the 
unsintered compacts, also indicates an increase in 
the area of metallic contact between particles in 


residual induction; 
magnetic saturation; 


compressive strength; 
= bend strength; 
= tensile strength. 


this temperature range (the compressive strength 

of compacts was 26 kg/mm’, and the bend strength 
0.3 kg/mm?, approximately, while it was not pos- 
sible to measure the tensile strength because of the 
low strength of the specimens, so that they broke 
when being set up in the testing machine. 

Metallographic analysis shows that the increase 
of resistivity in sintering at 800°C is due to a 
mutual solution of the components of the systems. 
Since at the same time coercivity increases, it may 
be assumed that particles of the iron-aluminium 
alloy participate in the formation of the solid solu- 
tion, along with iron, nickel and copper: the increase 
of coercivity is due to a decomposition of the solid 
solution containing aluminium. Onset of solution 
occurs at about 700°C when there is an initial, 
though slight, increase in coercivity. 

Among the other processes occurring in the sinter- 
ing above 700°C should be noted a growth of the 
specimens between 700 and 900°C, and a contract- 
ion between 900 and 1310°C. 
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FIG. 5. Effect of sintering temperature on physical 
properties of alnico specimens (4 br sintering). 
1 = density; 


FIG. 4. Micrographs of alnico specimens after sintering 
at various temperatures for 4 hr: 
a = after sintering at 1125°C, electrolytic etching in 
50 per cent HC in alcohol; 2 = resistivity; 
b = ditto at 1225°C, etched; 3 = residual induction; 
c = ditto at 1300°C, etched; 4 = magnetic saturation; 
d = ditto at 1320°C, etched, x 80. 5 = coercivity 


As can be seen from the similarity of the shapes important when mutual solution of the particles 


finishes, i.e. in sintering alni above 1175°C. Homo- 


2, the change in density (porosity) affects the resi- genization of alni specimens was not followed ex- 

dual induction and magnetic saturation of the speci- perimentally. It was, however, followed in experi- 

mens. The porosity also considerably affects the ments with the alnico alloy, described below. 

resistivity. There is no clear correlation between The results therefore indicate that various pro- 

the changes in porosity and of mechanical properties, | cesses occur during the sintering of alni. To dis- 

perhaps because of the onset of precipitation harden- _—_cuss them it is convenient to define three stages of 

ing. It is known that there is no connexion between sintering: 

coercivity and porosity [14]. In all specimens sinter- (1) from 100- 700°C; 

ed at 700°C and above, there was precipitation hard- (2) from 700-1175°C; and 

ening. This is obvious from the increase of coerciv- (3) from 1175 -1330°C. 

ity. We have already shown that in the first stage, the 
Finally, reference must be made to the importance reduction of oxides, increase of the area of metallic 

of homogenizing the solid solution obtained in the contact between the particles in the compact, re- 

high temperature sintering, different parts of which covery and recrystallization of particles, exert the 

have initially different compositions (depending on main effect on structure and properties of sintered 

the base of the particles they are formed from). It specimens; in the second, dissolution of particles, 

may be assumed that homogenization is particularly precipitation hardening of the high temperature 


of the corresponding portions of the curves in Fig. 
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FIG. 6. Change in microhardness of alnico specimens 
with sintering temperature 
(4 hr sintering) 


solid solution of the components, and a growth of 
specimens are the important features; while in the 
third stage, homogenization and precipitation harden- 
ing, grain growth, shrinkage and incipient fusion. 
The most characteristic features are: in the first 
stage, increase in area of metallic contact between 
particles; in the second, mutual dissolution of part- 
icles, and in the third, homogenization of the solid 
solution obtained. Evidently, these three processes 
are characteristic of the sintering of any alloys from 
powders, whose particles can dissolve one another 
in the solid state on heating. Fusion, accompanied 
by an increase in porosity, lowers the magnetic 
characteristics and distorts the sintered components, 
and is, of course, impermissible in industrial prac- 
practice. 

The boundaries between the stages given are 
approximate, for they depend on various technologic- 
al factors, including the particle size of the initial 
powders, the rate of heating and the duration of 
sintering. Moreover, these boundaries only delineate 
the zones for the individual processes at temperatures 
at which they occurred at fairly high speed; the pro- 
cesses can of course occur outside them. 

A study of the structure and properties of alni 
specimens sintered for different times at 1313°C 
showed that after 30 min, the specimens had reached 
a state corresponding to the end of the second sin- 
tering stage, while after longer periods of holding, 
they have reached the end a the third stage (Fig.3). 

Alnico alloy. Since specimens of alnico sintered 
only at a fairly high temperature, it was not possible 
to record the onset of dissolution of the particles. 
Formation of polyhedric structures ended at about 
1125°C (Fig. 4a). Further increase of temperature 
caused grain growth (Fig. 4b-4d). The resulting 
structure was of uniform grain size, unlike that in 
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FIG. 7. Distribution of microhardness in specimens of 
powder-metallurgy and cast alnico alloys. 
1 = sintered at 1300°C; 2 = cast alloy. 


the alni specimens. At 1320°C, fusion of the speci- 
mens occurred. 

The approximately identical shape of most of the 
curves, in the 875 -1320°C range studied, for alnico 
(Fig. 5) and alni (Fig. 2) indicates the similarity of 
the processes occurring in heating the compacts. An 
exception is the variation of coercivity, which in the 
sintering of alnico attains a maximum value (approx- 
imately equal to the coercivity of industrial alnico 
magnets) at 1175°C, and does not change when the 
temperature is further increased. This is probably 
due to the closeness of the heating temperature and 
cooling rates to the conditions for hardening alnico, 
necessary to produce maximum coercivity. 

If the previous sub-division of sintering into 
stages is adopted, we may conclude that specimens 
of alnico sintered at temperatures up to 1125°C have 
structures and properties corresponding to the sec- 
ond stage, while those sintered at 1125-1320°C 
have structure and properties corresponding to the 


third stage. 
The development of homogenization in the third 


stage of sintering alnico was partially followed by 
microhardness measurements. Fig. 6 shows that the 
scatter in the microhardness in different portions of 
the specimens rapidly decreases as the sintering 
temperature increases from 1200 to 1320°C, which 
should be attributed to an increase in uniformity of 


‘chemical composition. The microhardness of speci- 


mens sintered at 1300°C is lower than that of cast 
alnico specimens, but varies within narrower limits, 
indicating that the material is of satisfactory homo- 
geneity (Fig. 7). 

Magnico alloy. When magnico specimens were 
sintered for shorter times than those of alni and 
alnico, there was a considerable displacement of the 
boundaries of the sintering stages towards higher 
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FIG. 8. Effect of sintering temperature on physical properties of 
sintered magnico specimens (’% hr sintering). 


1 = density; 


2 = resistivity; 
3 = residual induction; 


4 = coercivity. 


The curves for resistivity, residual induction and coercivity are 
shown on two different scales. 


temperatures. Polyhedrons appeared after sintered 
at 1200°C, and their development only finished at 
1300°C. 

From the property /sintering temperature plot, we 
can see that dissolution of the particles starts at 
800°C: at this temperature there is a first (though 
very slight) increase of resistivity (Fig. 8). How- 
ever, the particles of iron-aluminium alloy apparent- 
ly only start to form solid solution after sintering at 
1200°C, when there is an increase of coercivity. The 
boundaries between the various stages of sintering 
magnico specimens can be stated to be: 

(1) 100- 800°C; 

(2) 800- 1300°C; 

(3) 1300-1350°C (at 1350°C fusion commences). 

Formation of a liquid phase. It is usually assumed 
that in the sintering of iron-nickel-aluminium alloys 
there is formation of a liquid phase through fusion 
of particles containing aluminium (usually, aluminium 
is introduced into the mixture as a 50 per cent iron/ 
50 per cent aluminium alloy powder, melting at 
1170°C). According to Lenel [15] the liquid phase is 
responsible for the unusually large shrinkage during 
the sintering of iron-nickel-aluminium magnets. 

As can be seen from the results, diffusion of 
components in the sintering of alni and alnico alloys 
occurs mainly in a solid phase system, because dis- 
solution of iron-aluminium particles starts long 


before the attainment of the melting temperature 
for the alloy and is practically complete at 1125- 
1175°C. In sintering of magnico, dissolution of the 
particles of alloy, apparently, starts at about 1200°C, 
which is above their fusion temperature. In this 
case, a liquid phase can be formed. However, in 
view of the identical character of the changes of 
density in sintering of all three alloys, there is no 
basis for connecting the shrinkage of iron-nickel- 
aluminium magnets with the formation of a liquid 
phase. 

This is confirmed by the satisfactory sintering in 
industry of magnets containing aluminium as nickel- 
aluminium and cobalt-aluminium alloys (30 per cent 
aluminium, the rest nickel or cobalt), melting at 
1620°C, which considerably exceeds the sintering 
temperature [16]. It is possible that the low porosity 
of iron-nickel-aluminium magnets, which has some- 
times been observed (down to 3 per cent of pores) is 
due to the relatively high creep of the alloys at sin- 
tering temperature, close to the point of initial 
fusion. This, however, requires further test. 

Effect of alumina. It has often been suggested 
that there are difficulties in the sintering of iron- 
nickel-aluminium alloys. Usually the difficulties 
are attributed to the presence on the surface of the 
particles containing aluminium, of difficulty- 
reducible films of oxides, isolating the particles 


80 
4 
15 
4 al 40 
25 
6. 
42 
54 
VOL. 
6 


Study of sintering iron-nickel-aluminium alloys 


from one another and preventing mutual diffusion of 
components (3, 4]. It is therefore recommended to 
melt the particles containing aluminium during sinter- 
ing or to mix metal hydrides with the powder being 


sintered [3, 17]. 

The experiments described above showed that 
there is no difficulty in the diffusion of the compon- 
ents during the sintering of iron-nickel-aluminium 
alloys. Apparently, the difficulty-reducible oxide 
film is destroyed during compacting, through the 
deformation of the particles and their mutual friction. 
However, the sintering conditions should prevent the 
oxidation of aluminium during heating, when its 
chemical activity increases. All this applies also to 
particles containing titanium, if this element is 
present in the alloy. Thus the main difficulty in the 
sintering of iron-nickel-aluminium alloys consists 
in the production of an atmosphere free from oxygen. 


SUMMARY 


There are many physical and chemical processes 
during sintering of iron-nickel-aluminium alloys from 


powders. It is convenient to differentiate three 
stages in such sintering. During the first stage 
there are reduction of oxides, increase of the area 
of metallic contact between the particles, recovery 
and recrystallization of particles; in the second, 
there are mutual dissolution of the particles, and 
precipitation hardening of the solid solution obtain- 
ed, together with a growth of the specimens; in the 
third stage, the solid solution is homogenized and 
there is precipitation hardening, grain growth and 
shrinkage. Liquid phase is not formed. There is no 
reason to attribute the great shrinkage of iron-nickel- 
aluminium alloys to the formation of a liquid phase 
in sintering. 

A film of oxide covering particles containing 
aluminium is destroyed during compacting and hence 
does not prevent mutual diffusion of components. 
However, to produce alloys with high magnetic 
properties, oxidation of aluminium during sintering 
should be prevent ed. 


Translated by R.C. Murray 
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CONNEXION BETWEEN CERTAIN X-RAY AND MAGNETIC CHARACTERISTICS OF 
IRON-BASE ALLOYS * 
S.A. NEMNONOV and K.M. KOLOBOVA 
Institute of Metal Physics, Urals Branch of the U.S.S.R. Academy of Sciences 
(Received 24 January 1957) 


The application of various X-ray characteristics to the study of the nature of interatomic inter- 
action and of the bond forces in solids, particularly in metals and alloys, is of great interest. The 
establishment of correlations concerning changes in X-ray spectra also does a great deal to promote 
the development of the theory of these spectra themselves (the elucidation of many problems conected 


with the interpretation of their fine structure). 


PEN CONN NE 


FIG. 1. Dependence of the asymmetry index a for the Kg, line on the 
atomic number for metals (upper curve) and of the magnetic moment pL 
(in Bohr magnetons) for doubly charged ions (lower curve). 


It is known [1, 2] that for the transition metals of the first long period of the periodic table, there 
is a number of spectral anomalies both in absorption and emission spectra. For instance, the asym- 
metry index (a) of the Kg, lines of the elements from scandium to zinc increases with increase of the 
ordinal number first, attains a maximum at iron (1.60), and then falls almost to unity for zinc (Fig. 1). 
[Fig. 1 characterizes the asymmetry by (a- 1)]. It will be seen that the variation is similar for the 
magnetic moment of the atoms or, more correctly, the doubly-charged ions of these elements. This 
variation of a with the atomic number of these elements can be explained [1, 3] if the energy of the 
exchange interaction of 3d-electrons with the 2p-electrons, closer to the nucleus, is taken into 


consideration. 
As a result of such interaction, similar in nature to the s-d-exchange interaction, the 2p-level 


is split into two very close sub-levels. The magnitude of the split of this level is less than the width 
of each of the sub-levels, hence the Kg, and the Ka, lines are not doubled, but only widened somewhat, 
and their dispersion form is destroyed. 

The similarity of both curves (Fig. 1) shows that the asymmetry index is determined by the same 
factors as the atomic magnetic moment, i.e. the number of unpaired electrons in the 3d-shell. To avoid 
misunderstandings, we may note that for metals and alloys, the number of unpaired spin electrons in 
the 3d-level is not equal to the number of empty sites in the 3d-level for isolated atoms, for in the 


* Fiz. metal. metalloved., 6, No. 3, 466-474, 1958. 
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first number there may be a fraction, but not in the second. One of the reasons for tiis inequality is 
the overlapping of the 3d-and 4s-bands, as a result of which there is a redistribution of s-electrons 

in energy, i.e. part of the 4s-electron density can make the transition to the lower 3d-state. A decrease 
of the 3d unpaired spin electrons is also possible by their partial entry into electron pair bonds. The 
incompleteness of the 3d-levels in atoms of the transition metals also appeared in a sharp fall of 
intensity on the shortwave side of the K;3, lines (bands) due to a transition of the electrons from the 


3d-band to the ls-level. 


In a study of the nature of interatomic interaction, the character and strength of the bonds, it is 
important to know the degree of participation of 3d-electrons (together with 4s-electrons), in the 
formation of interatomic bonds. The fraction of 3d-electrons participating in the creation of inter- 
atomic bonds in alloys can depend both on the deyree of incompleteness of the 3d-level of the metal, 
and also on the physico-chemical nature and the concentration of the alloying element in the alloy in 
question. The number of unpaired 3d-spin electrons in the atoms of the transition metal, and conse- 
yuently the asymmetry of the spectral lines should change if the above formulated interpretation of 
the nature of the asymmetry of the Kg,,, lines is correct. 

We report here a study to find out the dependence of the asymmetry indices of the Kg, and K3, 
lines for iron on the concentration of aluminium and zinc in binary iron-base alloys. This paper 
presents and discusses the results of experimental measurements. 


EXPERIMENTAL 


The alloys were prepared from Armco iron (99.8 
per cent), 99.96 per cent aluminium and chemically 
pure zinc (not analysed). Iron alloys with 10, 18, 
25, 50 and 75 atomic per cent of aluminium were 
made in a vacuum high-frequency furnace. Alloys of 
the stoichiometric composition Fe,Al and FeAl are 
ordered solid solutions of aluminium in a-iron. The 
alloys were homogenized at 850-900°C for 25-30 hr. 

Iron-zinc alloys were made by weighing iron foil, 
7-12 thick, on accurate balances and placing the 
samples in fused silica ampoules. At the same time, 
the corresponding quantity of zinc was inserted. The 
weight of zinc was calculated to give the desired 
zinc concentration in the alloy by its complete dif- 
fusion from the vapour phase into iron. Then the 
ampoules were sealed up at a pressure of about 
10-5 mm Hg and kept for 30-35 hr at 670-680°C and 
then at 700-750°C for another 12-15 hr to complete 
disappearance of traces of zinc. 

After this, the foil was weighed again. In most 
cases, the increase in weight corresponded to the 
quantity of zinc put in at the start of the experiment. 
Because of the long time of heat treatment, the thin- 
ness of the foil, the fact that diffusion of zinc into 
it occurred from both sides, the alloys thus obtained 
should be homogeneous. They contain 28, 50 and 
75 atomic per cent of zinc. 

Iron-aluminum and iron zinc alloys were ground to 
powder and the substance to be investigated was 
rubbed into the finely ribbed surface of a copper 
anode. Plates of other alloys were sealed to the 
anticathode and, finally, in a third case, a second 
method of excitation was used. The study was made 
with a vacuum X -ray spectrograph with a curved 
Johan-type crystal. There was linear dispersion 


from 2 to 3.5 XE/mm. The spectra were recorded on 
a double-laver Agfa film. In some cases the film 
(cassette) was perpendicular to the direction of the 
reflected rays with use of both emulsioa layers, and 
in others it was placed on a Rowland circle, and 
after development, one of the layers was removed. 
The spectrograms were microphotometered with a 
visual photometer. 

On each spectrogram, three measurements were 
made to determine the asymmetry index of the Kg, 
line, on the height of the Kg, in the upper, middle 
and lower part of the line. For each of the allovs 
studied, seven or more spectrograms were obtained. 
Hence, not less than 20 measurements were made for 
each alloy (to determine the asymmetry of the Kg, 
line for iron). From these measurements, the aver- 
age asymmetry index was worked out. [he error in 
measurement was determined by the method of mean 
squares. 

The asvmmetry of the A;3, line for iron was deter- 
mined at half the height of its intensity. The results 
of these measurements were worked out at the aver- 
age of 3-5 spectrograms. The spectra were obtained 
from a wide-focussed X -ray tube, working at 17-20 
kV and with a count of 5-10 mA, through the tube. 


EXPERIMENTAL RESULTS AND THEIR 
DISCUSSION 


Table 1 and Fig. 2 illustrate the variation of the 
Kg, line asymmetry index for iron with the concent- 
ration of aluminium and zinc in the alloys. l'able 2 
and Fig. 2 also show the variation of the index for 
the Kj, line for iron with the aluminium content in 
iron-aluminium alloys. From Fig. 2 it will be seen 
that the variations of the indices for both lines with 
the aluminium and zinc contents are linear, the 
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TABLE 1. 


Concentration of alloying 
element in alloy, at. % 


Valency of 
alloying 
element 


Exper. value of {Value for asym- 
| metry index, 
calc. from 
equation (1) 


Kai line 
asymmetry for 
iron 


Pure iron* 

Al — 10, Pure iron 

Al — 18, Pure iron 

Pure iron 

Al — 25, (Fe,Al) 

Al — 50, (FeAl) 

Al — 75, (FeAl,) 
8 


Zn — 75, (FeZn,) 
Mo — 32 
Mo — 40, (Fe,Mo2) 


.47+0,01 
.43+0,01 
.52+0,02 
.40 + 0,04 
.30+0,04 
.18+0,03 
.41+0,02 
.35+0,02 
.29+0,02 
.34+0,03 
-28 + 0,02 


| 
.52+0,01 | 
| 


* These alloys were studied by the secondary method (fluorescence) of excitation; 
all the other alloys were studied by the primary method. 


TABLE 2. 


At. % Aluminium 
in alloys 


Pure iron 


50 
(FeAl) 


25 
|  (FesAl) 


75 
(FeAl,) 


Value of KQ, line (iron) 
asymmetry index 


2.26+0.09 


2.06+0.08 | 1.92 +0.04 | 1.74+0.C6 


deviations from linearity being within the experiment- 
al error. [The same diagram shows the asymmetry for 
the Ag, line for iron; for the iron-molybdenum inter- 
metallic compound Fe,\lo,; and for another alloy, 
close in composition to this compound*. In a com- 
parison of alloys containing non-transition elements 
with those made from two transition elements, e.g. 
iron and molybdenum, it should be borne in mind that 
in such alloys the valency state of the atoms of the 
alloying element (in this case molybdenum) can also 
change with the concentration, like the valency of 
the basic metal. The most characteristic valency 
for the given alloying transition metal can appear 
in the formation of an intermetallic compound of 
definite stoichiometric composition, which makes it 
possible to compare characteristics with those for 
alloys containing non-transition elements. 

We have already noted that the asymmetry of the 


* These data were taken from a dissertation of 
Trapeznikov 


Ka, line is conditioned by the number of unpaired 
electrons in the 3d-level for iron, i.e. the number 

of electrons capable of participating in the formation 
of interatomic bonds (along with 4s-electrons). The 
effectiveness of the participation of 3d-electrons in 
bonds will depend both on the number of valency 
electrons of the atoms of the alloying element, and 
also on its concentration in the alloy; even the type 
of interatomic bonds can change. From Fig. 2 it can 
be seen that the slope of the lines indicated depends 
directly on the number of external electrons capable 
of participating in interatomic bonds, i.e. on the 
valency of the zinc and aluminium atoms. This de- 
pendence of the decrease of asymmetry of the Kg, 
line on the concentration and valency of the alloying 
element can be expressed as: 


(1) 


= ap, — Kne, 


where aq; is the asymmetry index for the Kg, line 
for iron in the alloy; ape is the asymmetry index in 
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FIG. 2. Dependence of the asymmetry for the Kg, and 
Kf lines of iron on the concentration of various 
elements in iron-base alloys. 


pure iron; n and c are the valency and concentration 
of the alloying element respectively; K is a coeffi- 
cient of proportionality, shown by calculation to be 
1.51 x 10°. 

If is is assumed that the atoms of zinc and alumin- 
ium in interaction with iron atoms behave in accord- 
ance with their generally accepted valencies, then, 
with equation (1) we can calculate the asymmetry of 
the Kg, line for iron for alloys with any given zinc 
or aluminium concentration. 

Table 1 shows the asymmetries of the Kg, line 
for iron, thus calculated, for alloys with the same 
concentrations of aluminium, zinc and molybdenum, 
for which these quantities were determined experi- 
mentally. The calculated quantities are shown by 
black circles in Fig. 2. 

The information in Table 1 and Fig. 2 shows that 
there is a good agreement between the experimental- 
ly determined asymmetry indexes for the lines invest- 
igated, and those calculated by equation (1). It 
appears that, in accordance with equation (1) and 
the rectilinear intersects, extrapolated to the asym- 
metry for pure iron (Fig. 2), atoms of molybdenum 
decrease the asymmetry of the Ka, line for iron in 
Fe,Mo, and an alloy close in composition to this 
compound, in a manner similar to that brought about 
by tetravalent atoms of a non-transition element. 
Judging by the stoichiometric composition of Fe Mo, 
and since the commonest valency of iron atoms is 3, 
we can ascribe to the molybdenum atoms in this 
compound a valency close to, or somewhat greater 
than, four. 

The physical meaning of equation (1) is that the 


_ of some of the s-and p-valency electrons of 
aluminium and zinc atoms, participating in the inter- 
atomic bonds, are oriented towards the 3d-unpaired- 
spin electrons of the transition metal atoms and 
decrease the number of the latter. It is obvious that 
the degree of extinction and, consequently, the 
degree of participation in interatomic bonds of the 
3d-unpaired electrons of iron is proportional to the 
number of valency electrons of the alloying element 
atoms and its concentration in the alloy. In accord- 
ance with the decrease in the 3d-unpaired electrons 
of the iron atoms, the 3d, 2p-electronic interaction 
inside the iron atoms decreases also, and consequent- 
ly the asymmetry index of the Kg, emission line 
decreases to a corresponding extent. The information 
about the change in the asymmetry of the Kg, band 
for iron in iron-aluminium alloys is completely in 
agreement with this conclusion (Fig. 2). The Kg, 
band owes its origin to transitions of the 3d-electrons 
to the 1s-level of the excited iron atoms. Hence the 
decrease in asymmetry of the Kg, band for iron with 
increase in alloying element concentration (in the 
the case in point, aluminium) also indicates the 
pairing of unpaired 3d-spin electrons in their inter- 
action with the valency electrons of the atoms of the 
second element (aluminium), as a result of which 
there is a special, partial “completion” of the 3d 
levels in the iron atoms. This can occur through 
capture of some of the valency electrons of the alloy- 
ing element atoms, with mutual overlapping of the 
corresponding bands, or by establishment of paired- 
electron (covalent) bonds with the valency electrons 
of the latter. In the first case, along with a metallic 
type of bond, there will also appear an ionic type of 
bond; this should evidently be expected in iron- 
aluminium and iron-zinc alloys, in view of the elec- 
tropositiveness of the aluminium and zinc atoms 
with respect to iron atoms in the electrochemical 
series. In Fe,Mo,, a covalent type of bond will 
appear to a considerable extent [5], along with a 
metallic type. 

However, the problem of the character of the inter- 
atomic bonds in the alloys investigated by us falls 
outside the scope of this paper and will be examin- 
ed in more detail in a subsequent paper, concerning 
the results of studying the absorption spectra of the 
same alloys. 

We should expect to find that equation (1) also 
governs the behaviour of alloys of the transition 
metals with those of the non-transition metals, the 
valency of which is generally taken as quite definite, 
and depending little on their concentration in the 
alloys studied. Solid solutions covering a wide range 
of concentrations are of great interest among the 


a Calculated value 
TOL. 
6 
958 
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alloys of these systems, and also various intermetal- 
lic compounds, i.e those single-phase alloys, in each 
of which all the atoms of the transition metal are in 
the same valency state, depending in turn on the con- 
centration and valency of the non-transition element. 
However, in certain intermetallic compounds, the 
character of the inter-atomic bonds can differ strong- 
ly from the bonds in solid solutions of the same 
binary system of elements. This would be expected 
mainly in first and second order heterodesmic phases, 
in which either the atoms of one component (usually 
the less metallic) or those of both components are 
united in separate complexes, the bonds between the 
complexes being weaker than those inside them. In 
such cases, the dependence of the asymmetry index 
on the concentration and valency of the non-transi- 
tion element may also be strongly changed. 

The magnitude of the asymmetry for alloys consist- 
ing of a mixture of two phases will evidently be 
determined by the quantitative ratio of these phases, 
as occurs in the case of the iron-zinc alloys contain- 
ing 28 and 50 per cent. Equation (1) remains formally 
correct even for such heterogeneous alloys, but in 
these cases the valency state of the transition metal 
atoms in one phase will differ from that of the atoms 
in the other phase, and these two kinds of atoms 
with different valency states persist throughout the 
whole heterogeneous region, independent of the 
initial (average) concentration; in the given case, 


only the ratio of phases depends on the concentration. 


In accordance with this, the resulting asymmetry of 
the Kq, line for such a heterogeneous alloy will 
arise from the superposition of two lines of different 
asymmetry, whose ratio of intensities is determined 
by the phase ratio. 

Although in the 28 and 50 per cent zinc-iron alloys 
the ratio of the same phases (zinc-saturated a-solid 
solution and FeZn, (e-phase) varies considerably (for 
the first alloy this ratio a/e is about 6, for the second 
it is about 2/3), however the variation of the Kg, 
line asymmetry for iron in these alloys is linear, the 
line passing through those values which correspond 
to the single-phase materials (iron and FeZn,). This 
indicates that the Ka, lines, obtained from the differ- 
ent phases are coincident in wavelength, i.e. their 
position does not depend on the valency state of the 
iron atoms in the alloy. This contradicts the older 
viewpoint about the nature of the asymmetry of trans- 
ition elements, due to Vainshtein [4]. 

To get a further check on the correctness of these 
correlations, alloys in other systems must be invest- 
igated, in particular alloys with high concentrations 
of alloying elements, mainly solid solutions in iron- 
group transition elements. 

It is also of interest to study the variation of the 


asymmetry at comparatively low concentrations of 
the alloying element, and its possible deviations 
from linearity, as occurs in some iron-molybdenum 
alloys [5]. However, details of this problem will be 
examined separately. 

In Fig. 1 it can be seen that the asymmetry index 
for the emission lines Kg, and Kg, of the iron group 
transition elements are determined by the same 
factors as the atomic magnetic moment, i.e. the 
number of unpaired 3d-electrons in the metals. If 
this conclusion is correct, the mean atomic magnetic 
moment of an alloy should also depend on the con- 
centration and valency of the alloying element. Fig. 3 
shows variations of the atomic magnetic moments of 
nickel alloys with the concentration and valency of 
the non-transition elements (copper, zinc, aluminium, 
silicon). (These curves are presented in Bozorth’s 
book [6], and were plotted from information in [7] 
and [8], the theoretical explanation of which was 
first given by Stoner [9] ). 

The correlation described by equation (1) for the 
change in the asymmetry index of the Kg, line for 
iron is similar to the equation which was found by 
Sadron [7] for the dependence of the average magnetic 
moment in saturation of the alloy, a] on the concent- 
ration and valency of the non-transition metal in 
nickel: 


Hal = HNi — 0.01 ne, (2) 


where n and c have the same meanings as in equa- 
tion (1). It therefore follows that the spontaneous 
magnetization, whose magnitude determines the mean 
atomic magnetic saturation moment, is a linear func- 
tion of the concentration and decreases in corres- 
pondence to the valency of the non-transition metal 
atoms in nickel alloys. 

In iron alloys, the dependence of the saturation 
magnetic atomic moment on the concentration and 
valency of the non-transition elements is more com- 
plicated than for nickel alloys [10, 11]. However, 
even for such alloys, as will be seen in Fig. 4, there 
is a correlation between the average atomic magnetic 
moment and the concentration of the non-transition 
metal in the alloy; the reduction of the moment 
depends both on the concentration of the alloying 
element and its valency. For some alloys, this 
correlation in the range of concentrations studied 
can be fitted by equation (2) (iron-zinc alloys), for 
others, for different reasons, it is more complicated, 
and differs from one concentration range to another. 
However, the general correlation between the mean 
atomic magnetic moment of the alloy and the con- 
centration and valency of the non-transition element 
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FIG. 3. Variation of number of Bohr magnetons in an 
atom in nickel alloys with the concentration and 
valency of the non-ferromagnetic Component. 


still holds, which points to a similarity of the 
causes for both the phenomena observed above. 

Magnetic moments in ferromagnetic alloys and 
metals have been calculated [12] from the theory of 
interacting external (4s) and internal (3d) electrons 
in the crystals lattice of the metal. It is shown that 
the atomic magnetic moments in pure metals and 
alloys should usually be fractional (in Bohr magnet- 
ons) thanks to the participation in spontaneous mag- 
netization of the internal and external electrons 
(3d and 4s). The fraction of the latter participating 
is determined by their concentration in the metal or 
alloy, and the value of their exchange interaction 
with the internal electrons, hence the number of un- 
paired spins in the 3d-level is determined by the 
number of empty sites in this level, when the latter, 
for an isolated atom, is more than half-filled, and 
by the number of s-electrons in the crystal lattice. 
It appears that, as a result of the magnetization of 
the external electrons on the internal side, the spin 
of these external electrons is oriented anti-parallel 
to the unpaired spins of the 3d-electrons, diminish- 
ing the resultant magnetic moment of the latter. 

It should also be noted that the atomic magnetic 
moment, determined from the spontaneous magnetiza- 
tion, in the general case may by no means coincide 
with the number of unpaired spin electrons in the 
3d-level of the transition metal atoms. By contrast, 
this does not hold for the X-ray characteristic, 
since the asymmetry index, in virtues of its internal 
nature, depends obviously only on the residual 
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FIG. 4. Variation of number of Bohr magnetons per 
atom in iron-base alloys with the concentration on 
valency of the non-ferromagnetic component. 


number of unpaired spin electrons in the 3d-level 
of the transition metal in the alloy studied. 

The original cause of ferromagnetism, and also of 
the asymmetry of Kg, lines for iron group transition 
metals, is, as we have noted, the presence in their 
atoms of an unfilled 3d-level, with an uncompensated 
value of the resultant spin magnetic moment. But 
for the appearance of ferromagnetism, at least one 
condition is necessary: a positive sign of the ex- 
change integral (A> 0) which in turn is a function of 
the distance between the lattice sites. Hence, the 
saturation magnetic moment of an alloy will depend 
on the number of unpaired 3d-spin electrons, and 
also on other factors in the ferromagnetism criterion, 
and for ordered alloys also on the degree of order. 
Hence, all the additional conditions enumerated 
above exert no less an important effect on ferro- 
magnetism than the initial factor, and can complicate 
the dependence of the atomic magnetic moment on the 
concentration and valency of the non-transition metal 
in the magnetic alloys, and, in a number of cases, 
can even cause a disappearance of ferromagnetism 
in spite of the presence of unpaired 3d-spin electrons 
in the transition element atoms. Hence, equation (2), 
correct for many nickel alloys, is only a special 
case of this complicated correlation. 

The dependence of the asymmetry index for the 
Kg, line on the concentration and valency of the 
alloying element, is, as can be judged from the above 
experimental data, simpler and more single-valued. 
This is particularly important in connexion with the 
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elucidation of the role and degree of participation of 
3d-electrons (with 4s-electrons) of a transition metal 
in interatomic bonds, and in the determination of the 
character of the interatomic interaction in alloys as 
a function of the concentration and valency of the 
alloying element. 

The degree of participation of 3d-electrons in the 
transition metal, and of valency electrons inthe non- 
transition element, in the formation of bonds, and 
also the possibility of realizing any particular type 
of interatomic bond in an alloy will depend on the 
structure of the external electron shells of these 
elements, on the composition of the alloy, and on 
the order in the position of atoms in the crystal 
lattice. The most complete development of the inter- 
atomic bonds characteristic of a particular pair of 
elements will occur in alloys with high concentra- 
tions of both components, as we have seen. 


SUMMARY 


1. The great asymmetry of the Kg, and Ka, spect- 
ral lines of transition metal atoms, and also the 


corresponding magnetic characteristics of these 
metals and their alloys, are due mainly to the same 
factor, the number of unpaired 3d-electrons. This to 
a large extent confirms the explanation given for 
the nature of the asymmetry of the Kg, and Kg, 
lines of the transition elements [3, 1]. 

2. The value of the Kg, line asymmetry index can 
be used as a criterion of the change in magnetic 
moment of the atoms of a transition metal, and of the 
degree of participation of 3d-electrons of these 
atoms in interatomic bonds at various concentrations 
and valency of the non-transition element in the 
alloys. 

The results of such a study can be used for 
further development of the theory of the metallic 
state, including the treatment of a number of problems 
concerning the theory of high temperature materials 
and the atomic-electron structure of ferromagnetic 


alloys. 


Translated by R.C. Murray 


REFERENCES 


E.E. Vainshtein, Dokl. Akad. Nauk SSSR, 40, 


No. 3, 116 (1943). 
M.A. Blokhin, Fizika rentgenovskikh luchei 
Physics of X-rays), Moscow (1953). 
. T. Snyder, Phys. Rev., 59, 689 (1941). 
E.E. Vainshtein, Rentgenovskie spektry atomov v 


molekulakh khimicheskikh soedinenii ib splaivakho 
(X-ray spectra of Atoms in the Molecules of Chemical 


Compounds and Alloys), Izd. Akad. Nauk SSSR., 
(1950). 
V.A. Trapeznikov, Thesis, Urals fil. Akad. Nauk 
(1956). 


6. R.M. Bozorth, Ferromagnetism, Foreign Literature 
Publishing House (1956). 


. C. Sadron, Ann. Phys., 17, 371 (1932). 
V. Marian, /bid. 7, 459 (1937). 
. E. Stoner, Phil. Mag., 15, 1018 (1950). 


. M. Fallot, Ann. Phys., 6, 305 (1936). 


. M. Fallot, /bid., 7, 420 (1937). 

. S.V. Vonsovskii and K.B. Vlasov, 
Zh. eksp. teor. fiz., 
25, No. 3, 329 (1953). 


VOL. 
6 
2 
4 
11 
12 
5. 


INVESTIGATION OF THE PHASE TRANSFORMATION y > (y + a) 
IN ALLOYS OF IRON WITH NICKEL * 
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The M.V. Lomonosov Moscow State University 
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The phase transformation y > (y + a) in alloys of iron with 30 and 32 per cent nickel was invest- 
igated. It was established that at a temperature of 40°C the transformation takes place extremely slow- 
ly. Cold deformation of the alloys at room temperature not only accelerates the process y > a; the de- 
formation of an alloy subjected to martensitic transformation at — 196°C also accelerates the reverse 
transformation y + a. At temperatures above the martensitic point the initial stage of the y > a@ trans- 
formation also takes place by the regular reconstruction of the lattice according to the pattern of 
martensitic transformations. The layers of the y-phase which form are arranged parallel to the plane 
(111) of the y-phase. At an annealing temperature of 400°C the coherence of the lattice is destroyed 
apparently in the initial stage of the transformation which also retards the transformation process. 

The further growth of a-phase nuclei takes place by diffusion. Zones of deformation form around 


the nuclei in the matrix. 


With the thermal treatment of multi-component 
alloys different phase transformations are super- 
imposed on each other and for this reason it is dif- 
ficult to determine the specific weight of each trans- 
formation separately with the variation in the proper- 
ties of the alloys. The study of each phase trans- 
formation separately enables the combination of the 
transformations to be analysed properly. 

In the work in question the polymorphic transform- 
ation in alloys of iron with 30 and 32 per cent nickel 
was studied. Many works are available on the study 
of the y + a transformation in ferro-nickel alloys [1], 
but the unusual stability of the non-equilibrium state 
in these alloys remains unexplained [2]. 

The alloys of iron with 30 and 32 per cent nickel 
were prepared from electrolytic iron and nickel. 
After casting the alloys were annealed at 1000°C for 
10 hr then they were heated at 600°C for 18 hr and 
quenched in water. 

Single crystals were prepared by recrystallization 
at 1200°C. After continual annealing for 60 hr in 
laminae 1 mm thick crystals grew with an area of up 
to 20 mm’. 

An X-ray and microscopic analysis was made of 
the polycrystalline specimens and an X -ray analysis 
was made of the fixed single crystals. The process 
of the polymorphic transformation was studied with 
isothermal annealing at 400°C. 


* Fiz. metal. metalloved. 6, No. 3, 475-479, 1958. 


At this temperature according to the diagram of 
Owen and Sully [3] about 27 per cent of the a-phase 
must be contained in the alloy of iron with 32 per cent 
nickel in the equilibrium state. 

To study the process of the transformation y > (y+a) 
by X-ray structural analysis of the polycrystals, a 
powder, which was heated at 600°C for 20 hr and then 
subjected to isothermic annealing at 400°C, was 
filed from an annealed specimen. X-ray photographs 
were taken using iron radiation in cameras 114 cm in 
diameter; the diameter of the specimens was 0.4 mm. 

After annealing the specimens for 100 and 200 hr 
only the lines of the y-phase appear on the X -ray 
photographs. A very weak line (110) of the a-phase 
appears in the alloy with 30 per cent nickel after 
300 hr and in the alloy with 32 per cent nickel — 
after 500 hr. An increase in the duration of the an- 
nealing of the alloy with 30 per cent nickel up to 
500 hr and of the alloy with 32 per cent nickel up to 
800 hr did not introduce noticeable changes which 
indicates the very slow rate at 400°C of the trans- 
formation y + (y + a). 

Cold deformation by filing the powder from quench- 
ed specimens leads to the transformation y + (y+a) 
at room temperature, and immediately after deform- 
ation the lines (110) and (112) of the a-phase appear 
on the X-ray photographs. 

To compare the rate of the transformation which 
takes place at 400°C and at temperatures lower than 
the martensitic point, a determination of the phase 
composition under different treatments of the alloy 
Fe + 32 per cent Ni was made according to the 
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TABLE 1. 


Treatment of the alloy 


| Quantity of the phases % 


Quenching of the powder of the alloy in liquid nitrogen at 600°C 
Quenching the specimen in liquid nitrogen with subsequent 


deformation at 20°C 


Quenching of the specimen in liquid nitrogen, deformation and 


annealing for 6 hr at 400°C 


1 | 


16 
46 
73 


intensity of the lines. 

As is apparent from Table 1 with quenching in 
liquid nitrogen 84 per cent of the y-phase is trans- 
formed into the a-phase, the subsequent deformation 
at room temperature leads to the the reverse trans- 
formation of 30 per cent of the a-phase into the 
y-phase. If after deformation the alloy was annealed 
at 400°C for 6 hr then 27 per cent of the a-phase 
appears in the alloy which corresponds to the equili- 
brium state at 400°. Consequently the cold deforma- 
tion of the alloy in which the martensitic transforma- 
tion has taken place very quickly leads to the equili- 
brium state of the alloy at 20 and 400°C by the re- 
verse transformation of the a into the y-phase, while 
with isothermic annealing at 400° the alloy, quenched 
in water, even after 1000 hr of annealing is in a state 
far from that of equilibrium. 

The phase transformation y+(y + a), owing to the 
difference in the specific ed Gite of the y — and 
a — phases, is accompanied by the formation in the 
lattice of the y-phase of elastic stresses, which were 
also studied in the work on the expansion of the 
lattice and the change in the ratio of the intensities 
of the X-ray lines. As a result of the small magnitude 
of the shift of the lines all the expansion was attribut- 
ed only to the stresses of the second kind. 

The magnitude of the stresses of the second kind 
was determined by the expansion of the line (113) of 
the y-phase using a standard specimen. The width of 
the line (113) was defined as the quotient from the 
division of the integral intensity by the maximum 
intensity. 

The true width of the line 8 was determined by the 
method of Kurdiumov and Lysak [4]. The width of 


the lines in question was determined from the relation 


ff (x) F(x) dx 


where f (x) and F (x) are the distribution functions 


of blackening for the standard line and the line under 
investigation, b is the width of the standard line. 
It was assumed that 


f(x) = F (x) = exp ( - ax?), (2) 


B? = b? + 82, (3) 
The photometric evaluation of the X-ray photographs 
of the alloy of iron with 32 per cent nickel made it 
possible to determine that the magnitude of the 
stresses after annealing at 400° for 350 hr was equal 
to 10.4 kg/mm?, and after annealing for 500 hr was 
equal to 12 kg/mm’. 

The determination of the variation in the ratio of 
the intensities of the lines (110), (200), (113) in the 
annealing process at 400°C showed that the root- 
mean-square atomic displacements are small in, 
magnitude and reach a maximum value of 0.07 A 
after annealing for 400 hr. The small magnitude of 
the second kind of resilient stresses and the low 
value of the root-mean-square displacements are 
determined by the low rate of phase transformation 
and the relaxation of the stresses on account of the 
thermal recovery. 

The study of the mechanism of the phase transform- 
ation y + (y + a) by taking X -ray photographs of a 
fixed single crystal was carried out using mixed 
Mo-radiation. 

The investigation showed that in the process of 
isothermal annealing at 400° there appear on the 
X-ray photographs diffraction effects of a deforma- 
tion nature in the form of streaks passing through the 
Laue maxima, fragmentation of the Laue maxima and 
in the appearance of textured Debye rings of the 
y-phase. All these effects, in our opinion, are condi- 
tioned by the formation in the single crystals of the 
y-phase, in the annealing process of very fine layers 
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FIG. 1. The substructure of the crystals of the y-solid 
solution after annealing of the alloy of iron with 
32 per cent nickel at 400°C for 300 hr; X 1120. 


of the a-phase. The formation of these layers must 
create on their boundaries with the y-lattice elastic 
stresses, in all probability, in excess of the elastic 
limit, which led to plastic deformation in the bound- 
ary zones. Owing to the plastic deformation there 


took place on the one hand the destruction of the 
coherence of the lattice of the a-layer with the lat- 
tice of the y-phase and the cessation of the regular 


transference of atoms and the growth of layers of the 
a-phase. On the other hand part of the matrix in the 


boundary zones changed into a polycrystalline state, 
which explains the appearance of Debye rings of the 
y-phase on the X -ray photographs taken of the fixed 
single crystal. The layers of the a-phase, apparent- 
ly, are very small and for this reason they do not 
give a diffraction effect on the Laue diffraction 
patterns. As has been pointed out a very weak line 
(110) of the a-phase appears on the Debye powder 
pattern after 300-500 hr. 

The plotting of a gnomostereographic projection 
of the strips which appear on the Laue diffraction 
patterns showed that they intersect at a (111) pole. 
The conclusion can be drawn from this that the 


layers are parallel to the surface (111) of the y-phase. 


As is known with the martensitic transformation in 
steels the crystals of the a-phase are orientated 
with the surface (110) parallel to the surface (111) 
of the y-phase. Consequently at temperatures higher 
than the martensitic point nuclei of the a-phase arise 
as a result of the regular rearrangement of the atoms 
parallel to the surface (111) of the y-phase matrix. 
Owing to the formation of layers of the a-phase the 


FIG. 2. Deformation zones in crystals of the 
y-solid solution around the nuclei of the 
a-phases; X 800. 


crystal of the matrix breaks up into units which 
develops with the transition from solid maxima on 
the Laue diffraction patterns to a maximum consist- 
ing of peaks. An increase in the distance between 
the peaks with an increase in the duration of anneal- 
ing at 400°C to 1500 hr indicates the growth of the 
angle of displacement of the units. 

The microscopic investigation of the phase trans- 
formation y+ (y + a) was carried out using optical 
and electronic microscopes. 

The microsections were prepared by electrolytic 
polishing in an electrolyte of the following composi- 
tion: 78 per cent H,PO,, 10 per cent H,SO,, 88 per 
cent CrO,, 4 per cent H,0. The best surface was 
obtained with a current density of 50-60 A/dm? with 
the temperature of the electrolyte 30-70°C and polish- 
ing time from 1 to 5 min. Etching of the specimens 
was carried out with nitric acid or in aqua regia. 

With the investigation of the specimens annealed 
for 100, 300, 500 and 1500 hr, there appears on the 
surface of the microsection a substructure of crystals, 
etch figures are visible in the form of triangles, 
arranged parallel to the surface of the section or at 
different angles to it (Fig. 1). Consequently the 
topography of the matrix shows that in the alloy of 
iron with 32 per cent nickel after annealing at 400°C 
the crystals of the y-phase consist of units displaced 
relatively to one another. The disorientation of the 
units is made apparent by microscopical analysis in 
the range of a few degrees. The thickness of the units 
shown by microscopical investigation of the alloy of 
iron with 32 per cent nickel is of the order of 1 yp. 
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The electron microscopical investigation carried 
out by the method of quartz replicas on the specimens 
annealed for 100 hr at 400°C, disclosed a substruct- 
ure of the y-matrix analogous to the structure repre- 
sented on Fig. 1. Etch figures, as in the investiga- 
tion using an optical microscope, are apparent only 
in the form of triangles, which, in our opinion, indic- 
ates the formation of a-phase layers parallel to the 
surface of the octahedron of the y-phase and the 
displacement as a result of this of the units of the 
y-phase. 

Layers of the a-phase even after annealing for 
800 hr did not coagulate into large crystals and in 
all probability are arranged along the boundaries of 
the units of the mosaic. 

Comparing the data of the microscopic and X -ray 
analysis on the study of the phase transformation 
y>(y + a) at temperatures above and below the mar- 
tensitic point, it is possible to see the general and 
specific features of this mechanism. The transforma- 
tion y>a at temperatures below the martensitic point, 
according to the ideas of Kurdiumovy, takes place by 
the regular displacement of the atoms. Owing to the 
high value of the limit of elasticity, the regions of 
the solid solution, in which the lattice is changed 
from y to a, can reach large dimensions. At tempera- 
tures higher than the martensitic point, according to 
our ideas, there exists in the initial stage the same 
mechanism of the re-arrangement of the lattice without 
a change in the composition — the mechanism of the 


formation of nuclei of the new phase by the regular 
displacement of the atoms in set crystallographic 
directions, and the lattice expands by a small amount. 
Owing to the low value of the limit of elasticity at 
400°C the elastic deformation of the lattice changes 
to plastic deformation which leads to the detachment 
of the re-arranged region of the lattice from the matrix 
with the small size of the nucleus of the new phase. 
The adjoining layers of the matrix are transformed at 
this stage into a polycrystalline state. The further 
process takes place by diffusion. 

The growth of nuclei takes place dy diffusion very 
slowly and even after 2500 and 3500 hr the crystals 
of the a-phase do not reach large dimensions. The 
growth of nuclei owing to the difference of the speci- 
fic volumes of the a-and y-phases is accompanied by 
an increase in the zone of plastic deformation in the 
matrix around the nucleus of the a-phase. The zones 
of deformation appear with microscopical analysis 
in the form of a figure approaching the shape of a 
circle (Fig. 2.). The magnitude of the zone of deform- 
ation is determined on the one hand by the magnitude 
of the grains of the a-phase, and on the other by the 
distance of the nucleus from the surface of the 
microsection. 


Translated by R.C. Murray 
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VARIATIONS IN THE DIMENSIONS OF THE NUCLEI AND OF THE DISTORTIONS 
OF THE SECOND TYPE IN THE ALPHA AND GAMMA PHASES WITH THE 


ANNEALING OF QUENCHED CHROME STEEL * 
Z.K. KOS’KO 
The Dnepropetrovsk Institute of Metallurgy 


(Received 10 August 1956) 


The change in the fine crystalline structure was investigated with the transition of the carbides 


of one composition to another. The large distortions of the second type of the crystal lattices of the 
a-and y-phases correspond to the appearance of a special carbide. The separation of the carbides is 
accompanied by the breaking up of the nuclei and the sharp fall-off of the distortions of the second 


The investigation of the fine crystalline structure 
(the magnitude of the units and the distortions of the 
lattice), as is known, is of great interest for explain- 
ing the nature of the phenomena of the hardening and 
softening of steel. We undertook the investigation of 
the changes in the dimensions of the units and the 
distortions of the second type in the a- and y-phases 
on the annealing of three quenched chrome steels. 
These variations, as far as we know, have been 
investigated by no-one up to the present day. In many 
alloyed steels the processes which take place during 
annealing are complicated by the transformation in 
the carbide phase. It is known, for example, that in 
quenched high-chrome steels with an increase in the 
annealing temperature there takes place the transi- 
tion of the carbides of the cementite type (Fe, Cr),C 
with a rhombic lattice to a carbide (Cr, Fe),C;, with 
a hexagonal lattice, and the latter is replaced by a 
carbide with a cubic lattice (Cr, Fe),,;C,. In the 
present work the variations in the fine crystalline 
structure of the a- and y-phases were studied by us 
in connexion with the above-mentioned changes in 
the structure of the carbide phase [1]. 


MATERIAL AND METHOD OF INVESTIGATION 


The steels which were studied contained the 
same amount of carbon (0.7 per cent) and a different 
quantity of chromium (3; 8; 18 per cent). The chemic- 
al composition of the steel (See Table 1) was chosen 
with the intention that in the first of the types of 
steel under investigation it would be possible with 
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type in the crystal lattices of the a-and y-solid solutions. 


an increase in the annealing temperature to observe 
the transition of the carbide (Fe, Cr),C to a mixture 
of carbides (Fe, Cr),C + (Cr, Fe),C, (Steel 7Kh3), in 
the second of the types of steel (7Kh8) under invest- 
igation — the transition of the carbide (Fe, Cr,C to 
the carbide (Cr, Fe),C,, and in the third (7Kh18) — 
the transition of the carbide (Cr, Fe),C, to the car- 
bide (Cr, Fe),,C,. 

Specimens 2 mm in diameter were used for invest- 
igating the fine crystalline structure of a solid solu- 
tion. To avoid decarbonization the specimens were 
heated in sealed quartz ampoules, from which the 
air had previously been exhausted. With the chaice 
of temperature of heating under quenching there was 
taken into account the necessity for bringing about 
not only the complete dissolution of the carbides, 
but also for ensuring the fine-grained constitution of 
the metal. The results of the quenching were checked 
by studying the microstructure and also by X -ray 
structure analysis. As a result of preliminary invest- 
igations the annealing temperatures under quenching 
which were chosen are included in the table. 

An aqueous solution of sodium hydrate was used 
as a quenching medium. The annealing was carried 
out at temperatures 350-700° (through every 50°) for 
2 hr in lead baths. After thermal treatment the speci- 
mens were turned to a diameter of 1 mm and then they 
were subjected to etching until their diameter was 
0.8 mm. X -ray photographs were taken in chambers 
149 mm in diameter in iron radiation. The photometry 
was carried out on the equipment MF-2. 

The width of the line (the interference line) on the 
X-ray photograph was defined as the quotient from 
dividing the area of the curve by the height of the 
maximum of the curve. With the investigation of the 


Annealing of quenched chrome steel 


TABLE 1. 


Quench- | 


ing Exposure 


| Carbon Chromium Silicon 


| 


temp. °C min 


1100 | 
1200 
1260 


a-phase the width of the interference lines (110) and 
(211) was measured, and with the study of the 
y-phase — the lines (111) and 311). 

{he determination of the dimensions of the units 
(the regions of the coherent scattering of the X-rays) 
and distortions of the second type of the crystal 
lattices of the a-and y-phases was carried out by 
the method of a single radiation. [2, 3]. 


THF RESULTS OF EXPERIMENTS AND THEIR 
DISCUSSION 


The analysis of the \ -ray photographs of steel 
7Kh3 showed that at all annealing temperatures the 
lines only of the u-phase are observed. After quench- 
ing,this steel is in a martensitic state. It must be 
remembered that in this steel the special carbide 
(Cr, e)-C, separates out at an annealing temperature 
of 500-550° [1]. 

The shape of the curves of the variation of the 
dimensions of the units and the distortions of the 
second type of the crystalline lattice of the a-phase 
in the steel 7Kh3 (Fig. 1.) shows that the separation 
of the special carbide (Cr, Fe),C, leads to, apart 
from the breaking up of the units before the carbide 
which formed in the annealing temperature range 
500-550°, the breaking up of the units of the a-phase 
in the same temperature range. This is accompanied 
by a sharp decrease in the distortions of the crystal- 
line lattice. 

The breaking up ofthe units of the previously form- 
ed carbide and of th _ lid solution surrounding it 
with the formation of a new special carbide is explain- 
ed in the following way. The new carbide phase is 
produced on the boundary line of the existing carbide 
and the solid solution surrounding it. The volume of 
the newly forming carbide phase, as a rule, differs 
from the volume of the existing carbide phase. This 
anti-coincidence of the volumes leads to stresses 
and the breaking up of the crystals of the existing 
carbide and the solid solution surrounding it. 

The breaking up of the units of the carbides can 


also be caused by the dissolution of the previously 
formed carbide in the solution surrounding it. The 
appearance of new carbides can cause distortions 
of the lattice of the solid solution, which cause the 
breaking up of the units of the solution. 

The structure of steel 7Kh8 in the quenched 
state consists of martensite and austenite. The 
lines of the austenite arc observed on the X -ray 


oy up to the annealing temperature 500° VOL 
inclusivel rae The appearance of the carbide 6 
(Cr, Fe),C, in steel 7Kh8 at an annealing tempera- 195 


ture of 500° corresponds to the maximum distortions 
of the crystalline lattice of the a-phase (Fig. 2.). It 
must be noted, however, that at this annealing tem- 
perature disintegration of the austenite takes place. 
It is obviously preceded by the formation of crystals 
of the carbide which is accompanied by the breaking 
up of the units of the y-phase and an increase in the 
crystal lattices of the y-and a-phases. The newly 
formed a-phase has units of small dimensions. In 
the range of annealing temperatures 500-550° the 
carbide (Cr, k'e),C, separates out and the crystals 
of the carbide (Fe, Cr),;C break up. This is accomp- 
anied by a decrease in the distortions of the crystal- 
line lattice of the a-phase. 

In the steel 7Kh18 the y-phase is present up to 
the annealing temperature 550°; the a-phase appears 
at 550°. The appearance of the carbide (Cr, Fe),,C, 
in this steel occurs at 550° and is accompanied by 
large distortions of the crystal lattices of the a- and 
y-phases (Fig. 3.). The temperature 550° corresponds 
to the intense disintegration of austenite. It is pre- 
ceded by the formation of the carbides. 

The disintegration of austenite is accompanied by 
the breaking up of the unit cells of the y-phase and 
the formation of the a-phase, which has at the mom- 
ent of its appearance unit cells of very small dimens- 
ions. The crystalline lattice of the a-phase is great- 
ly distorted by this. In the temperature range 550- 
600° an intensive separation of the carbide (Cr,f'e),,Ce 
is observed together with the breaking up of the pre- 
viously formed crystals (Cr, Fe),C;. In this period _ 
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Type Content of the elements % ,_ — 

sulphur 
1 | | 0.020 | 0.022 5 
7X8 | 0.70 ; 8.36 0 0.010 | 0.009 5 
7x18 | 0.70 | 18.38 | 0 | 0.012 | 9.010 2 
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550 400 450 500 550 600 650 700°C 


FIG. 1. The change in the dimensions of the units (D) and the distortions 
(6a/a) of the second type of the crystalline lattice of the a-phase of the 
steel 7Kh3 depending on the annealing temperature. 


4, |\ 
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350 400 450 500 550 600 550 100 450 300 550 600 630°C 


FIG. 2. The same as in Fig. 1. for the a-and y-phases FIG. 3. The same as in Fig. 2. for the a-and y-phases 
of steel 7Kh8. of steel 7Kh18. 


very small unit cells of the a-phase and a sharp solution, accompanied by a decrease in the distor- 
fall-off of the distortions are observed. tions of the second type of the crystal lattice of the 


From what has been stated it follows that the a-phase. 
_ large distortions of the second type of the a-phase The disintegration of the austenite intensifies 
lattice correspond to the onset of the appearance of the distortions of the lattice and leads to the break- 
a new carbide. During the intensive separation of ing up of the unit cells of the y-phase and the 
the special carbides there takes place the process formation of the a-phase with unit cells of very 
of the breaking up of the crystals of the previously small dimensions. 


formed carbide and the unit cells of the a-solid Translated by R.C. Murray 
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SOME DATA CONCERNING THE EFFECT OF COLD HARDENING OF QUENCHING 
STRUCTURES ON THE REVERSIBLE TEMPER EMBRITTLEMENT OF STEEL * 
F.P. STEPANOV 
(Received 10 December 1956) 


The temper embrittlement of steel overa prolonged 
period of time has been the subject of study for a 
wide circle of research workers, but up to now there 
has not existed any generally accepted conception 
as to its nature [1, 2]. This bears witness to the 
complexity of the problem and also to the expedi- 
ency and necessity for the further study of the effect 
of various factors on the development of temper em- 
brittlement. 

At the present time some research [1, 3] on the 
effect of cold plastic deformation (cold hardening) 
on the reversible temper embrittlement of a series of 
steels and alloys is known. Experiments carried out 
in this direction established the fact that the nature 
and the intensity of the effect of cold plastic deform- 
ation on the impact strength depend on the structur- 
al state: the impact strength of alloys worked to a 
brittle state is increased, and that of alloys worked 
to a viscous state is lowered. 

It is assumed that cold plastic deformation breaks 
up the film of brittle phase grains which separates 
out along the boundaries, which increases the impact 
strength of steel worked to a brittle state. 

It must be noted that in all the cases known to 
us the study of the effect of plastic deformation on 
the tendency to reversible temper embrittlement was 
carried out on a metal in a refined condition and 
with the use of intensive plastic deformation. Re- 
search on the study of the effect of cold plastic 
deformation directly of quenching structures on the 
susceptibility to reversible temper embrittlement is 
apparently lacking. 

Meanwhile Moroz in a series of his works [4-7] 
showed that the phenomenon of the phase cold hard- 
ening with quenching is very important in the forma- 
tion of the properties of the alloys in particular the 
properties of the a-phase, the processes in which 
are recognized as responsible for the phenomena of 
temper embrittlement 

Examining the set question from this point of view 
and also from the point of view of defining more 
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precisely the effect of the intensity and nature of 
the distribution of the separations which are consi- 
dered responsible for the development of temper 
embrittlement, it seems expedient to conduct experi- 
ments to study the effect of the cold hardening of 
quenching structures on the reversible temper em- 
brittlement. 

In the work in question some experimental data 
are stated on the effect of cold hardening quenching 
structures on the susceptibility of steel to reversible 
temper embrittlement. 


THE MATERIAL AND THE METHOD OF THE 
INVESTIGATION 


Billets 400 x 60 x 12 mm in dimensions served as 
material for the investigation. They were cut out 
crosswise from the middle third in length of a sheet 
of low-alloy steel in a highly annealed state after 
rolling. The chemical composition of the metal is 
given in Table l. 

All the billets which were cut out were subjected 
to normalization from a temperature of 900 - 910°C 
with soaking for 2 hr. In order to obtain the same 
initial structure the cooling of the billets was car- 
ried out in a suspended state. Each of the billets 
normalized in this way were cut into two equal 
sections 400 x 30 x 12 mm in dimension, then all the 
billets were tempered under the following regime: 
heating temperature 900°C, soaking 2 hr, cooling in 
water. Half of the billets were subjected to extens- 
ion on a 100 ton hydraulic rupture machine until the 
residual plastic deformation was obtained within the 
limits 1.5 — 4.0 per cent; the other half of the billets 
was not subjected to deformation. 

The deformed and undeformed billets were sub- 
jected to annealing while maintaining analogous 
conditions: annealing temperature 570-580°C, soak- 
ing for 2 hr, after annealing one group of specimens 
was cooled in water, the other in the furnace at the 
rate of 30°/hr. 

All the operations of thermal treatment were 
carried out in laboratory electrical furnaces. After 
the treatment described above Menazhe impact 
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TABLE 1. The chemical composition of the metal 


Content of the elements % 


0.10 | 0,98 | 0.96 | 0.021 | 


| 
0.025 | 0.36 


TABLE 2. Data on the effect of deformation by extension after tempering on the impact strength and 
appearance of the rupture under various cooling conditions after annealing. 


Conditions of thermal treatment 


Cooling medium 
and rate of 
cooling after 
anneal ing 


| 


% 


Quenching 
temperature,°C' 


Impact strength (kg/cm*) and the appearance 
of the rupture at the test temperature °C 


—40 — 60 


8.3 7.7 


|Deformation 


Water 


Fibre 


Cooling in furnace __ 
at rate of 30°/hr dees 


5.4 4.9 
Crystal | Crystal 


Water 


10.4 
Fibre 


Cooling in furnace jo, _ 
at rate of 30°/hr 


10.6 
Fibre 


570—580 Water 26—28 


No data 


Cooling in furnace 


at rate of 30°/hr 


No data. 


Note: The values of the impact strength and the hardness are calculated from the average data from 


the results of tests on 3 to 5 specimens. 


specimens were prepared from the calculated part 
(that which is not in the clamps of the rupture 
machine) of the billets, and then they were subject- 
ed to a series of tests in the temperature range 
from + 20 to — 60°C. 

The results of the experiment depending on the 
system of the treatment are given in Table 2. 

Fig. 1. consists of photographs of the microstruc- 
tures of the steel under investigation in a state after 
tempering and in a state of tempering with the sub- 
sequent extension until the residual plastic deform- 
ation equal to 4 per cent is obtained. The specimens 


were subjected to fivefold etching using a mixture 
of 2 per cent nitric acid and 2 per cent picric acid in 
alcohol, with the subsequent polishing after each 
intermediate etching. It will be seen from Fig. 1 
that after tempering a martensitic structure was 
obtained with the presence of products of the inter- 
mediate transformation. It is impossible to notice 
any difference in the nature of the microstructures 
of the specimens subjected to extension and those 
which were not subjected. It must be assumed that 
the dispfacement deformation was still absent 


[8]. 


97 
Anneal- _— | 
Hard- | 
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a — after annealing, 
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FIG. 1. The microstructure of the steel under investigation in the states: 


b — after tempering with subsequent extension until residual 


THE RESULTS AND THEIR CONSIDERATION 


The data given in Table 2 show that steel with 
the composition under investigation is inclined to 
temper embrittlement since the impact strength in 
the case of slow cooling after annealing at a temper- 
ature of 570-580°C, compared with cooling in water, 
is lower at all test temperatures; this is particular- 
ly noticeable with a decrease in the test temperature 
to — 60°C. 

Cold plastic deformation of steel after tempering 
equal to 1.5 per cent leads to an increase on the 
average of from 8 to 11 kg/cm? with a very insigni- 
ficant lowering of the hardness and to a considerable 
weakening of the tendency to reversible temper em- 
brittlement. An increase in the degree of deformation 
of steel after tempering of up to 4 per cent complete- 
ly eliminated within the limits of the accepted test | 
temperatures the tendency of the steel under invest- 
igation to temper embrittlement. 

Thus cold plastic deformation of the metal after 
tempering leads to a lowering of the temperature of 
the transition to the brittle break-down and to the 
elimination of the crystalline appearance of the 
rupture characteristic for brittle break-down. 

It is know that plastic deformation assists the 
disintegration processes to take place more intensive- 
ly. In the light of this, according to available con- 
ceptions [9], it was possible to suppose that an in- 
significant degree of deformation of the metal after 
tempering, affecting mainly the grain boundary layer, 
must have led to the activation of the separation 
processes and, consequently, to an increase in the 
development of temper embrittlement. The data of 
the experiment did not confirm the conceptions 


plastic deformation equal to 4 per cent is reached; x 800. 


indicated above. The available substantial increase 
in the values of the impact strength of the metal in 
a highly annealed state, previously deformed in a 
tempered state is also not understood. 


CONCLUSION 


There are included in the work some data on the 
effect of plastic deformation with extension of a 
low-alloy structural steel in a tempered condition on 
the development of reversible temper embrittlement. 

It was established that cold plastic deformation 
equal to 1.5 per cent with extension of the metal in 
a tempered state, leads to an increase in the impact 
strength and to a considerable weakening of the 
tendency to temper embrittlement; an increase in the 
degree of cold plastic deformation up to 4.0 per cent 
completely eliminates the tendency to temper embrit- 
tlement (within the limits of the test temperatures to 
— 60°C); in both cases the temperature threshold of 
the brittleness is lowered. 

Stemming from the conceptions about the temper 
embrittlement, and about the phenomenon connected 
with the separation processes along the boundaries 
of the initial grains of the brittle phases, it must be 
supposed that plastic deformation of a quenching 
structure leads to a change in the kinetics and the 


_ nature of the separation of these phases. Together 


with this the data obtained point to the possible role 
in this phenomenon of the processes connected with 
the presence of phase cold hardening along the 
boundaries of the initial grains; to confirm similar 
conceptions it is expedient to conduct experiments 
on a much wider scale. 

Translated by R.C. Murray 
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CERTAIN PECULIARITIES IN THE TRANSFORMATION OF WHITE TIN INTO GREY* 
A.I. BYKHOVSKII 


Ukrainian Agricultural Academy 


(Received 12 December 1956) 


In previous reports {1, 2] certain peculiarities, known from the literature, of the transformations 


of white tin (8-Sn) into grey (a-Sn), were explained, and the constants derived, describing the linear 
_ speed of this transformation, and their analysis, were given. In the present work new results are given 
for the initial, least studied, stage of transformation of B-Sn > a-Sn, which are exposed by a method 


involving surface diffusion of mercury. 


In the work [3] in connexion with the investigat- 
ion of surface diffusion of mercury into tin, an 
anomalously high diffusion rate is noted at a temp- 
erature of 2°C. Preliminary experiments had shown 
that on further lowering of temperature the diffusion 
rate of mercury into tin (or more correctly, into the 
tin amalgam) also continues to grow, that is, it is 
observed as a kind of reverse temperature progress 
of the coefficient of surface diffusion. We have 
linked this fact with the influence of the transforma- 
tion B-Sn + a-Sn on the progress of surface diffusion 
of mercury into tin; the transformation always starts, 
as known, from the surface of the specimen. 

With the aim of investigating this phenomenon in 
detail, a few alterations were incorporated into the 
methods of taking measurements [4) described 
earlier. An ultrathermostat with a container was used 
for the maintenance of a steady temperature. The 
container was filled with a chilling mixture-solid 
carbon dioxide with a little alcohol or acetone. By 
adjusting the quantity of alcohol or acetone in the 
contained, it is possible to regulate the rate of 
heat removal. When cooling to the lowest tempera- 
tures (— 35°C), the necessary quantity of solid 
carbon dioxide was preliminarily dissolved in the 
thermostatic liquid (acetone), which shortened the 
time for establishing a low temperature in the whole 
system. The thermostatic liquid was evaporated 
through a double-walled glass vessel, into which 
mercury had been poured, and inside which the 
cylindrical tin specimens were constantly weighed. 
In order to be able to observe the progress of sur- 
face diffusion, part of the outside surface of the 
vessel had to be systematically covered with gly- 
cerine, thus forming a “window” in the frosted 
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layer. It was observed that the effect of diffusion 
rate increase of mercury at low temperatures was 
particularly clear when tin specimens with deformed 
surfaces were used. Tin of 99.99 per cent purity 


was used. The surfaces of the tin cylinders were 
rubbed with emery, and then the specimens were 


annealed, in order that keeping of the specimens at 
room temperature (on storage between experiments) 
should not noticeably change their properties. Heat 
treatment procedures in those cases where this is 
essential, are given separately. The height of the 
elevation of the amalgam film has been measured in 
relation to holding time at various temperatures. As 
for diffusion phenomena in general, this relationship 
takes the form 


hin Dt, (1) 


where h = height of elevation of the amalgam, t¢ = 
time of lifting of the amalgam, D = surface diffusion 
coefficient. From (1) it follows that the curve h? 

(t) is a straight line, the tangent of the angle of 
slope of which (tana) is proportional to the diffusion 
coefficeint. 

The rise in diffusion rate at low temperatures can 
be explained as follows: at low temperatures white 
tin (8-Sn) becomes metastable and tends to trans- 
form into grey (a-Sn) (transition point 7, = 13.2°C 
[5] ). As shown in research work [6, 7] the presence 
of preliminary plastic deformation in the specimen 
facilitates formation of nuclei of grey tin. In connex- 
ion with large volume changes during transition 
(AV/V = 25.6 per cent), it always begins at the sur- 
face of the specimen, and the nuclei of grey tin, 
which is formed cause considerable deformation of 
the mass of white tin surrounding them (phase hard- 
ening). It is known that the diffusion coefficient 
rises sharply in a deformed lattice. If the extent of 
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FIG. 1. General form of the relationship h? (t) at low temperatures. 


distortion during transformation were independent of 
temperature, then lowering the temperature would 
cause decrease of the diffusion coefficient also in 
distorted specimens, as is usual. However, the 
number of a-Sn centres forming increases with de- 
crease in temperature, and the phase hardening in- 
creases to such an extent that it causes an increase 
of the surface diffusion coefficient. The relationship 
between height of elevation of the amalgam film and 
time also becomes more complex. If under normal 
diffusion conditions h? ~ t, then at low temperatures, 
as shown in Fig. 1,this relationship is more complex. 
In Fig. 1 three stages are clearly seen. The diffus- 
ion rate at first increases with time (stage I), then 
remains constant for some time (stage II), after 
which it commences to decrease (stage I[l). In many 
cases the portion III can be approximated to a 
straight line with a smaller slope than line II. The 
initial increase in diffusion rate can be explained 
by the fact that under experimental conditions the 
speed of saturation of the lower part of the amalgam 
with mercury is relatively low at a high diffusion 
rate, which leads to a gradual establishment of a 
maximum concentration gradient of mercury in the 
amalgam. Therefore, a lowering of temperature, 
leading to an increase in diffusion rate (under such 
experimental conditions) and to a decrease in the 
absorption rate of mercury, leads to stage I being 
drawn out with passage of time. Stresses, appearing 
on the surface of white tin, also remain in the amal- 
gam for some time, and cause a high diffusion rate 


(stage II), after which they gradually relax (stage 


III). In order to prove such an interpretation of the 
nature of stage III, the following was carried out: 
for two out of several identical specimens curves 
for h? (t) were obtained by the usual method at a 
temperature of — 20.2°C (Fig. 2, curves I, II). The 
usual measurement was begun on the third specimen, 
but after the amalgam film had risen 5.5 mm after 


4-5 min, the specimen was removed from the contain- 
er and kept at 7;99m = 17°C for one minute, after 


which it was again immersed in mercury. The curve 
obtained (III) has a lesser slope than curves | and 
II, even after fracture. Analogous experiments were 
carried out with another two such tin specimens, 
the only difference being that after the diffusion 
soaking for several minutes at — 20.2°C they were 
kept at T = 17°C for 5 min and 130 hr. For initial 
times all curves for h? (t) were reproduced. The dif- 
fusion of mercury into the specimen continued all 
the time the specimen was held at 7= 17°C. There- 
fore, after holding at T = 17°C the specimen was 
immersed in mercury to such an extent that the 
height of the unimmersed part of the amalgam again 
was 5.5 mm. After 130 hr holding (5 specimens) it 
was further necessary to wait half an hour until the 


amalgam front began to move. In connexion with the 
above exposition, the curves III, IV and V in Fig. 2 
are displaced by a parallel transfer so that their 
initial portion (up to the beginning of movement of 
the amalgam at 7 = — 20.2°C, after soaking at 

T = 17°C) is lowered. 
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As seen from Fig. 2, holding a specimen, which 
had been partly amalgamated at a low temperature, 
for one minute at T = 17°C decreases the slope of 
the curve h? (t) from 2.15 to 0.68, during 5 min to 
0.27 and during 130 hr to 0.077. This decrease in 


slope of the curve h? (t) can be explained as follows: 


when the amalgam forms, a-Sn nuclei in the speci- 
men surface are destroyed, and tin atoms, entering 
the lattice of the grey tin nuclei, now enter into the 
structure of the amalgam, which has a hexagonal- 
lattice [8]. This process is accompanied by a relax- 
ation of stresses in the amalgam and by a decrease 
in the slope of the curve /? (t). Naturally, if the re- 
laxation of stresses in the amalgam, brought about 
by a-Sn nuclei at 7 = — 20.2°C, begins to appear 
only after 8-10 min (a time corresponding to an 
inflection in the curves I and II), then even a short 
time soaking at a higher temperature (17°C) leads to 
a considerably faster removal of phase hardening. 
The stresses are relaxed to an extent which is the 
greater the longer the soaking time of the specimen 
at 17°C. 

It is necessary to add to the above that such ex- 
periments were carried out preliminarily. Tin speci- 
mens, non-homogeneous along their heights, having 
a non-deformed surface on their lower part (of 5 mm 
height), and above it a portion which had been rubbed 
with emery grit, were used. At the experimental 
temperature (20°C) the diffusion rate in worked spe- 
cimens exceeds by several times the diffusion rate 
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FIG. 2. The relationship h? (¢) in specimens without (I, II) and with (III— V) 
additional holding at room temperature. The curve II is displaced 
downwards by 10 mm?. 


in specimens which had not been worked. On dis- 
placing the amalgam film along the surface of in- 
homogeneous specimens it was found that the curve 
h? (t), for some time after the amalgam transcends 
the boundary between the non-worked and worked 
portion, has the same slope as in the lower portion, 
and the slope begins to increase only later (which 

is seen in Fig. 2, curve V, at ¢ > 28 min). Thus, 

the slope of curves III, IV and V in Fig. 2 really 
characterize the surface diffusion of mercury not in 
tin, but in the amalgam with stresses relaxed to a 
smaller or greater extent. 

It was interesting to find out how the number of 
nuclei of grey tin formed depends on the holding 
time at a low temperature. To this end 3 identical 
specimens were continuously weighed in a container 
above mercury at low temperature. One of them was 
lowered into the mercury at once, two others were 
held at that temperature for different periods of time, 
and subsequently immersed in the mercury. In Fig.3 
the results obtained for one of the specimens are 
shown. 

The specimens were immersed in the mercury at 
T = — 21.1°C, the second specimen was lowered into 
mercury after 48 min holding at a low temperature, 
and the third one after 90 min. All curves (displaced 
along the axes of the abscissae) reproduce each other 
well. This proves that the number of a-Sn nuclei, 
formed at a low temperature, is independent of hold- 
ing time if the latter exceeds 5-8 min (until a 
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FIG. 3. Relationship of A? (t) for three specimens soaked at T = — 21.1°C for 
different lengths of time (the curves II and III are displaced along the axis 
of the abscissae by 2 and 6 min, respectively). 


stationary diffusion process is established). Similar 
experiments at different temperatures in the range 
— 12 to — 28°C and on specimens having undergone 
various heat treatments gave the same result. Thus, 
it is shown that the holding time at low temperatures 
has no influence on the number of grey tin nuclei 
formed for times exceeding 5-8 min (within the ac- 
curacy of the method). 

The establishment of the fact that the curves h? 
(t) are reproducible independent of holding time at 
a low temperature, and the interpretation of the 
nature of regions I, II and III on these curves has 
permitted the dependence of the number of grey tin 
nuclei on time to constructed. It is assumed that the 
number of nuclei, N, formed is proportional to the 
difference between the values of tana, i.e. between 
those found experimentally at low temperatures (tana 
observed) and those extrapolated on the diagram, 
representing the temperature dependence of the 
coefficient of surface diffusion, from a high temper- 
ature range (tan a experimental). Fig. 4 represents 
the diagram for the temperature dependence of the 
coefficient of surface diffusion of mercury in tin 
amalgam. 

Specimens were used which, after rubbing with 


emery grit, were annealed in vacuum for 4 hr at 100°C. 


It is interesting to note that although tin recrystal- 
lizes at room temperature, after annealing there 
remained on the surface of the specimen essentially 
all distortions which caused a decrease in diffusion 
activation energy, as compared with a non-distorted 
specimen (7.8 K cal/g-at instead of 11 K cal/g-at) 
[4]. The observed and extrapolated values of tan a, 
as well gs their difference at low temperatures, are 
given in Table 1. 

From the data of Table 1 a diagram has been cons- 
tructed representing the relationship between 
N ~ A tan a and temperature on a representative 
scale (Fig. 5, curve I). An analogous diagram has 
been constructed for the number of centres of 
a-Sn forming on distorted tin specimens after anneal- 
ing in vacuum for 1% hr at 140°C (Fig. 5, curve II). 
At “high” temperatures the energy Eg = 8800cal/g-at. 
is obtained in these specimens. 

From Fig. 5 (I and II) it can be seen that the 
number of a-Sn nuclei formed increases with lower- 
ing in temperature, as was to be expected. The 
observed values for surface diffusion coefficients 
(or more correctly tan a) at very low temperatures 
exceed by several tens of times the values obtain- 
ed by extrapolating from high temperature ranges to 
low ones. Thus, for the specimens to which Fig. 5 
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FIG. 4. Temperature dependence of the coefficient of surface 


diffusion of mercury in tin amalgam. 
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(II) refers, at = — 27.1°C tan aobs. /tan aexp. = 60. 
At even lower temperatures the range (1) on the 
diagram A? (t) is extended to such an extent that the 
curve h? (t) does not reach the straight-line portion 
(II), which determined the lower temperature limit 
for measurements. 

The following fact should be mentioned. In a spe- 
cimen which has been rubbed with emery grit, the 
amalgam boundary goes parallel with the level of 
mercury in the container both before and after an- 
nealing at temperatures above 0°C, and at low tem- 
peratures the amalgam front sometimes rushes ahead 
in a wedge-shape manner in individual places. It 


appears that a small inhomogeneity in the surface 
of the specimen was capable of bringing about the 
birth of another number of centres of a-Sn, and lead 
to a considerable difference in the extent of local 
distortions of various portions of the specimen sur- 
face. 

In the work [4] it has been shown that distortion 
of the surface layer of tin sharply decreases the 
activation energy of surface diffusion of mercury. 
If the ideas, stated above, regarding distortions 
formed on the surface of the specimen by centres of 
grey tin are correct, then cooling of the specimens 
to low temperatures and subsequent heating should 
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FIG. 5. Relationship between the number of grey tin 
centres and temperature for two series of specimens. 


A measurement of Eq in such specimens gave a 
value of 5400 cal/g-at (II). Similar specimens were 
exposed to eight cycles: cooling to — 30°C, heating 
to + 100°C with 10 min soaking at the terminal tem- 
peratures of each cycle. In this case the measured 
Eq = 4500 cal/g-at. (Fig. 6, III). 

A series of experiments has shown that inhomo- 
geneity, causing formation of a large number of 
centres of grey tin, can be brought about by various 
methods. Thus, a sharp increase in the surface dif- 
fusion rate of mercury in tin amalgam at low temper- 
atures has been observed by us in rolled tin speci- 
mens of 99.99 per cent purity, in tin specimens 
having undergone oxidation at high temperature 
( = 200°C) soaking, in specimens of the two-phases 
alloy Sn-Pb (6 per cent) — Sb (1 per cent) and in 
specimens which had been rubbed with emery and 
either remained unannealed or were subsequently 
annealed. It appears that stresses in the specimen 
and also cleavage surfaces help the formation of 


FIG. 6. Temperature dependence of h?/t in specimens which had been 
cooled to low temperatures (II, III) and those not cooled (I). 


also lead to a decrease in Eg for diffusion. Appro- 
priate experiments were carried out. Original speci- 
mens of chemically pure tin were annealed, after 
rubbing with emery, in a hydrogen atmosphere for 
100 min at 200°C. The measured activation energy in 
these specimens during surface diffusion of mercury 
at relatively high temperatures was 9300 cal/g-at. 


(Fig. 6, curve I). Some specimens of this series 
were slowly cooled to — 28°C, and then slowly heat- 
ed (the cooling-heating cycle lasted over one hour). 


a-Sn centres (oxides, particles of the second phase 
in the system Sn-Pb-Sb). It is often difficult to se- 
parate the influences of these factors. The following 
fact bears witness in favour of the assumption that 
nucleation of a-Sn centres in tin oxides is made 
easier. A specimen of commercially pure tin was 
rubbed with emery. On it the diffusion speed was 
measured at a temperature of — 22°C. The result 
obtained is represented by curve | in Fig. 7. The 
specimen was subsequently annealed in boiling 


105 
N 
12 
5 
10 
8 
7 ; 
; 
2 A A 
G -% 
6 Logtana ¢ ; 
958 
05 7 
“Gp 
Qs 
e 
° Ca yj 
02 <n 
Cay, 
Of Fray 


Transformation of white tin into grey 


FIG. 7. I — relationship of A? (t) in distorted tin specimens, II — relationship 
of h? (t) in the same specimens after annealing. 


distilled water for 40 min. The anneal itself could 
only partly remove the stresses and decrease the 

number of a-Sn centres formed (to which an anneal 
in a reducing medium-colophony, has actually led). 


However, inthe given case, annealing is accompanied 
by oxidation. As aresult, the diffusion rate increased 
after annealing (Fig. 7, curve II). Similar results 
were reproduced many times. 

Thus, when an essential role is played during 
generation of centres of the secondary phase in 
liquids including tin [9] by impurities, as for example 
oxides, then there will be a greater variety of inhomo- 
geneities in the solid state, which will make the 
nucleation of centres of the secondary phase easier. 

Finally, let us note that the initial stage of the 
transformation 8-Sn + a-Sn has much in common with 
the martensitic transformation. Nowadays, essential- 
ly due to the work of Kurdiumov and his co-workers, 
the martensitic transformation is considered as a 
phase transformation in a one-component system 
[10]. In the work [10] it is pointed out that in order 
to be able to develop the kinetics of martensitic 
transformation in pure metals, it is essential that 
the transformation should take place at temperatures 
below the threshold of recrystallization. It is easy 
to see that in our case this condition has been ful- 
filled. The possibility of a transformation of the 
8-Sn structure into an a-Sn structure by means of 
atomic rearrangements has been sho. n in the work 
[11]. Mention has been made above aivout facilitat- 
ing these rearrangements in the outer, thus the mor. 
deformed, surface of the specimen. Hence, it is not 


surprising that a number of peculiarities in the 
transformation 8-Sn > a-Sn recall the martensitic 
transformation. Among them is the limitation in the 
number of places for the formation of nuclei of 

a-Sn at a given temperature, the rapid realization of 
these “prepared places”, the increase in the overall 
number of nuclei with lowering in temperature, dis- 
closed in the work [6], and the autocatalytic acce- 
lerating transformation process in deformed speci- 
mens of white tin. 


CONCLUSION 


1. A method for studying the B-Sn + a-Sn trans- 
formation by observing the surface diffusion of 
mercury into tin has been worked out. It permits the 
transformation in its initial stage to be investigated, 
whereas with other methods the phenomenon can be 
studied only in its later stages. This is due to the 
fact that surface diffusion takes place in a thin 
layer (from where the nucleation of grey tin centres 
also commences) and that the diffusion coefficient 
increases most rapidly in the presence of stresses 
in the lattice. 

2. At low temperatures, instead of the relationship 
h? ~t @ more complex relationship exists (see Fig. 1). 
In the curve h? (t) there are three characteristic 
regions. In the work it is shown that region I corres- 
ponds to the inauguration of a stationary diffusion 
process, region II — to the diffusion of mercury in 
the amalgam with unrelaxed stresses, region III — to 
the diffusion of mercury in amalgam during relaxation 
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of stresses contained in it. 

3. It is shown that at a constant low temperature 
the curve h? (¢) can be fully reproduced independent 
of the soaking time of the specimen at that tempera- 
ture. This proves that all grey tin centres are form- 
ed in the couse of a short time interval. 

4. A lowering in temperature leads to an increase 
in the slope of portion II of the cuver h? (¢). We as- 
sociated this fact with the increase in stress in the 
surface layer of tin (and tin amalgam) due to the 
formation of centres of grey tin. From the tempera- 
ture of the curves h? (¢) it is shown that as super- 


cooling is increased the overall number of a-Sn 
nuclei increases. 

5. The effect of increase in the rate of surface 
diffusion of mercury with lowering of temperature 
appears particularly clearly when using specimens 


with different inhomogeneities on their surface. 
6. It is noted that the transformation 8-Sn > a-Sn 


has some similarity with the martensitic transform- 
ation. 

Finally, I take this opportunity of expressing my 
gratitute to Prof. S.D. Gertsriken for his active 
guidance. Translated by G. Isserlis 
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MICRO-KINETICS OF THE MARTENSITIC TRANSFORMATION ** 


V.N. ARSKII 
(Received 4 January 1957) 


Lately much attention has been given to the study 
of the transformation of austenite into martensite 
under the influence of externally applied forces 
(transformation of austenite to martensite under the 
influence of deformation), as under these conditions 
the transformations can be established facts of con- 
siderable importance in rendering the martensitic 
transformation theory more accurate; the prospects 
of the practical application of the said phase trans- 
formation have also been defined. 


One of the peculiarities of the deformation process, 


in the: course of which a new phase arises, particu- 
larly in the transformation of austenite to martenstie 
under the influence of tension, is the step-like 
nature of the load-deformation curve, as discovered 
by many investigators [1], as compared with the 
smooth nature of the curve plotted by the diagram- 
matic apparatus of the machine when there is no 
formation of a new phase. 

The curve, which in the elastic range is of a 
smooth nature, is replaced, after the yield point, by 
a broken curve of serrated appearance. An increase 
in stress in every portion of such a curve corres- 
ponds to an elastic deformation of the specimen, a 
sharp fall in stress to plastic deformation — the 
specimen strains quickly, and the stress, as a 
result of this, falls. Each dent in the extension 
curve corresponds to the formation of some quantity 
of martensite. 

The present work is devoted to the study of kine- 
tics of the formation of separate portions of marten- 
site, as well as to the study of the relationship 
between these kinetics, which we have called micro- 
kinetics, and the change in tension and deformation 
of the specimen. 

Steel containing 0.45 per cent C and 19 per cent 
Ni, which had been quenched from 1200°C and pos- 
sessing an austenitic structure at room temperature 
was used for the investigation. The martensite 
formation temperature of this steel is around 0°C. 
Straining a specimen of this steel at room tempera- 
ture causes development of martensitic transforma- 
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tion in it. The relationship between the quantity 
of martensite formed and the applied force for the 
steel under investigation is shown in Fig. 1. 

The method adopted for the study consisted of the 
following: In order to observe the formation of mar- 
tensite an alternating current magnetometer was 
used, the working principle of which was a change 
of induction e.m.f. in the secondary coil, which was 
situated in an alternating magnetic field, with mart- 
ensite formation in the specimen, being placed inside 
the winding. The construction of the magnetometer 
is shown in Fig. 2. The primary coil 1 and the com- 
pensating coil 2 are placed on the framework 3, 
along the axis of which there is a canal in which the 
specimen 4 is situated. To the specimen a textolite 


framework 5 with a measuring coil is fastened; 7 and 
8 are pull rods, made of non-magnetic steel and 
serve for stretching the specimen. 

Plastic deformation was brought about by strain- 
ing the specimen in a mechanical testing machine, 
of construction TsNIITMom and make IM-12A, having 
a pendulum force measuring mechanism and a dia- 
grammatic recording instrument. 

In order to study the kinetics of the formation of 
separate portions of martensite, it was decided to 
record, on a loop oscillograph simultaneously, the 
tensional force, the deformation, and the quantity of 
magnetic phase in the specimen. 

For recording purpose the loading force of the 
pendulum in the force-measuring mechanism of the 
machine was substituted by a spring with resistance 
devices (100 (2) attached to it, connected up in a 
bridge lay-out. A vibrator of a UMPO-2 oscillograph 
was included in the bridge diagonal. The bridge 
system was fed by an accumulator. Graduation of 
the recording obtained was carried out with the aid 


of a specimen dynamometer, which was gripped by 
machine clamps and loaded in steps of 100 * It 


was found that the deflexion of the light spot of the 
oscillograph along the film is proportional to the 
stress, where a ] mm deflexion of the light spot 
along the ordinate corresponds to a force of 300 kg 
or a 15 kg/mm? stress (the cross sectional area of 
the specimen was 20 mm’). 

The extent of shift of the lower clamp of the 
machine was worked out from the length of the 
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oscillogram, as the speed of grip shift and the 
speed of film movement are constant. The scale of 
the recording depends on the relationship between 
these speeds. At an oscillograph scale-movement 
speed of 1 mm/sec and a grip shift speed of 2mm/ 
min a grip shift of 1/30th mm corresponds to a light 
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FIG. 1. Relationship between the quantity of martensite 
formed and the applied stress in the course of straining 
a steel specimen (0.45 per cent C and 19 per cent Ni). 


spot deflexion on the film along the abscissae of 

1 mm, which is 1.6 per cent of the elongation of the 
specimen (the working length of the specimen is 

20 mm). 

In the course of straining a sharp elongation of 
the specimen is observed at some moments, with 
simultanous fall in stress. As the shift of the lower 
grip of the machine during elongation of the speci- 
men is negligible (in view of the smallness of the 
shift as compared with the elongation of the speci- 
men), the elongation can be determined from the 
fall in force. The relationship between the shift of 
the upper grip of the machine and the force exerted 
on the specimen was found to be linear, and a grip 
shift of 0.1 mm corresponds to a change in force by 
300 kg, i.e. a deflexion of the light spot on the film 
by 1 mm at the moment of sharp elongation of the 
specimen corresponds to 0.1 mm absolute or 0.50 
per cent relative elongation. 

The quantity of martensite formed was recorded 
with the help of an alternating current magnetometer, 
described above, to which a second vibrator of the 
oscillograph was sub- connected across aresistance 
box (straightening-out of the secondary current was 
not carried out). The resistance of the box was 
selected so that a deflexion of the light spot on the 
film along the co-ordinate by 1 mm corresponded to 
the formation of 2 per cent martensite in the 
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FIG. 2. Construction of transmission instrument of the 
magnetometer for studying the martensitic transforma- 
tion during straining. 


specimen. 

In Fig. 3 the middle portion of an oscillogram is 
reproduced, which was obtained by this method. In 
the upper part the elongation curve is recorded, in 
the lower part of the oscillogram the curve for the 
formation of martensite is reproduced, in which the 
downward displacement of the light spot corresponds 
to an increase in the quantity of martensite. 

An analysis of the oscillogram gives the following 
picture for this process: for some time a uniform, 
apparently only elastic deformation of the specimen 
takes place as the load is gradually increased*; 
the quantity of martensite remains unaltered; then 
slip (point 1) occurs in the specimen — the stress 
falls by 13.5 kg/mm?, which corresponds to a sharp 
elongation of the specimen by 0.45 per cent, and 
simultaneously 1.80 per cent martensite forms in the 
specimen; subsequently there is an absence of 
plastic deformation for some time (the specimen has 
become stronger as the result of deformation and 
phase transformation): stress gradually rises, the 
specimen is elongated elastically, and no martensite 
is formed during this period; in point 2 a second 


* A large elastic deformation, shown on the oscillogram, 
is due to the insufficient severity of the whole system. 
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FIG. 3. Oscillogram for the middle portion of the 
martensitic transformation during straining 
(recording speed 1.0 mm/sec. 


Micro-kinetics of the martensitic transformation 


beginning of the martensitic transformation on 
straining. On analysing this diagram, as well as 
analogous ones, constructed both for other loading 
methods (torsion and compression) and for steel of 
different compositions (from 0.40 to 0.95 per cent 
C and from 15 to 23 per cent Ni), the following 
results were obtained. 

1. Martensite formation occurs only in the pres- 
ence of stresses somwhat greater than the elastic 
limit, after reaching the martensitic point om. 

2. The moment at which a portion of martensite 
is formed, which is shown up as a displacement of 
the magnetometric curve, always accurately coin- 
cides with the moment at which the shift occurs, 
which is shown by a sharp fall in stress on the 
strain curve (by formation of a dent on the strain 
curve). 

Not one single case has been observed where a 
dent on the strain curve did not correspond to a 


ty of martensite, % 


slip occurs and the whole process described is 
repeated (point 3, 4, 5 etc.). 

In Fig. 4 a full oscillogram for the martensite 
formation process is given, the interpretation of 
which permits the following conclusions: up to the 
elastic limit (point o;) stress increases rapidly as 
the result of only elastic deformation; there is no 
martensite formation. Beyond the elastic limit the 
increase in strength slows down, and plastic deform- 
ation sets in; however, there is still no martensite 
formation. Subsequently, when the stress reaches a 
certain definite value, martensite formation com- 
mences. By analogy with the martensitic point 7, 
(or /) the temperature of the beginning of marten- 
sitic transformation on cooling — this martensitic 
point is denoted as o,, stress, corres ponding to the 


FIG. 4. Full oscillogram of the martensitic transformation during 
straining (recording speed = 1.0 mm/sec. 


displacement of the magnetometric curve, and vice 
versa, where a displacement of the magnetometric 
curve did not correspond to a dent on the strain 
curve. 

Where there is no martensitic transformation, the 
deformation is normal (smooth), and no indentations 
form on the strain curve. It appears that the forma- 
tion of a portion of martensite and the simultaneous 
formation of shift constitute a single process of 
martensitic transformation. 

With the object in mind of studying the shift 
process and the simultaneously occurring martensite’ 
formation process, a special apparatus was cons- 
tructed. This apparatus consists of a measuring 
coil, inside which the specimen under investigation 
is placed. The ends of the coil are connected to an 


Elongation, % O 


Micro-kinetics of the martensitic transformation 


FIG. 5. Oscillograms of separate moments of martensite 
formation during straining at a recording speed of 
10 mm/sec. 


oscillograph. The coil and specimen are placed into 
a constant magnetic field, which is created by a 
solenoid or an electromagnet with accumulator feed. 

When martensite forms, a change in the magnitude 
of magnetic flux occurs, piercing the coil contour, 
which causes an induction e.m.f. to form. The mag- 
nitude of the e.m.f. is proportional to the speed at 
which the magnetic flux changes, and as its change 
accurately (with the speed of light) follows the 
change of the quantity of pie. ae phase in the 
specimen, the magnitude of the induction e.m.f. is 
proportional to the speed at which the ferromagnetic 
phase (in this case martensite) forms. 

The apparatus described above, for measuring the 
speed of ferromagnetic phase formation, will hence- 
forth be referred to as Veloferrometer. 

A magnetometer (see Fig. 2) was incorporated in 
the lay-out of the Veloferrometer. The primary wind- 
ing 1 was used as solenoid, the compensating wind- 
ding 2 was not used, the measuring winding 6 was 
used according to purpose, and was connected to 
the vibrator of a loop oscillograph. 

The oscillogram in Fig. 5 shows the process of 
martensite formation, in the upper curve the impulses 
of martensite formation are recorded (the spikes is- 
suing from the broad band), the lower curve is the 
elongation curve. Recording of force and deformation 
was carried out by an earlier described method (re- 
cording speed = 10 mm/sec). 

Every bend in the elongation curve (lower curve) 
corresponds to an impulse on the magnetometric 
curve, testifying as to the formation at this moment 
of some quantity of martensite (upper curve). _ 

However, when increasing the recording speed the 
shortcoming of the method of recording the strength 
and deformation of the specimen becomes evident, 
namely, its inertia. Therefore, another method was 
used for recording the deformation of the specimen, 
using considerable oscillograph film speed. To this 
end a supplementary coil was placed around the 
upper magnetometer shaft 7 (see Fig. 2) and fixed 
dead on to it, and its wire ends were connected to 
another vibrator of a loop oscillograph. At the 


FIG. 6. Oscillogram of the deformation impulse and of 
the martensite formation impulse during straining 
(recording speed 500 mm/sec. ). 


moment of extension of the specimen 4 the supple- 
mentary coil received a motion relative to the mag- 
netic field of the solenoid 1; thereby an e.m.f. was 
induced in the coil, the magnitude of which was 
proportional to the speed of coil shift (and, hence, 
also to the deformation speed of the specimen). 

The oscillogram obtained by this method at a re- 
gistration feed of 500 mm/sec is given in Fig. 6. 
The upper curve, representing the impulse of the 
martensitic transformation, indicates the rate of 
increase of the quantity of martensite, the lower 
curve, representing the impulse of deformation, in- 
dicates the deformation rate of the specimen (perio- 
dic oscillations on the deformation rate curve repre- 
sent the induction of alternating current of frequen- 
cy 50 gc). As each of the experimental curves is 
derivative of a process involving time, it was pos- 
sible by means of graphical integration, for the 
primary characteristics of the process to be worked 
out, namely the increase of the quantity of marten- 
site and the extent of deformation of the specimen 
as a function of time, which are given, together 
with the original curves, in Fig. 7. 

For the estimation of the quantity of martensite, 
formed during the impulse under investigation, a 
method, suggested by Arkad’ev [2], for the determi- 
nation of the magnitude of the magnetic domain, was 
used. In the present work this method was used for 
the determination of the quantity of martensite formed 
during one impulse. 

The ferromagnetic volume, formed during the 
impulse, is 


R fide 
AV = cm, 
47 In, 


where fidt = quantity of electricity passing through 
the measuring coil during the impulse under the in- 
fluence of change in magnetic flux; R = circuit resist- 
ance of the measuring coil; n = number of turns per 
unit length of coil; / = magnetization of martensite 


in a field of 200 oersted. 
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FIG. 7. Kinetic curves and curves for the impulse speed 
of deformation and martensite formation impulse during 
straining. 


In this case fidt = 1.45 x 10-* coulombs, R=90Q, 
n, = 800 turns, / = 500 gauss = 500 x 10-* practical 
units. A V = 2.6 x 10-° cm’ or A V per cent = 


AV 100 
= —————. = 0.65 volume per cent. 
V specimen 


In view of the fact that this quantity corresponds 
to the quantity of martensite formed during impulse 
“2”, Fig. 3, it has been assumed that the magnitude 
of deformation during the given impulse equals the 
deformation for impulse “2”, i.e. 0.2 per cent 6. 
Proceeding from this, scales were worked out for 
curves given in Fig. 7. 

Of particular interest in Fig. 7 is the micro-marten- 
sitic curve, marked on A M per cent. It shows the 
formation of one portion of martensite with time and 
has the usual appearance of the kinetic curve of 
phase transformation. The initial stage corresponds 
to a slowly proceeding process; then, as the trans- 
formation develops, its speed increases, and the 
maximum speed is reached when approximately half 
the total quantity of martensite created during the 
whole microprocess, has formed; the retardation of 
transformation corresponds practically to the com- 
pletion of the martensite formation process and to the 
maximum on the deformation-rate curves. The de- 
formation process continues for some time after the 
martensite formation process has stopped. Thus, the 
impulse shown on the curve in Fig. 6 has a duration 
of about 2 x 107 sec, and during this time 0.65 per 
cent or 2.0 x 10°? g of martensite forms. 

It cannot be assumed that the effect indicated is 


FIG. 8. Apparatus for recording the speed 
gf martensite formation 
on cooling. 


due to the formation of one plate of martensite. 
Firstly, the formation time is too long as compared 
with numerous available data regarding the forma- 
tion time of one crystal of martensite [3]. Secondly, 
if it is assumed that the needle has the form of a 
plate of thickness 5 = 4 y [4] and divides the aus- 
tenite grain into two halves, i.e. the dimensions of 
the plates are equal to the diameter of the austenite 
grain, in this case being 0.1 mm, then the weight 

of one plate will be about 10-’ g, which is 2x 105 
times less than the quantity of martensite formed 
during one microprocess. In practice, the study of 
the microstructure, confirming micro-investigations 
[5], has shown that martensite obtained during 
plastic deformation differs from martensite obtained 
on cooling by the extension of the plates being con- 
siderably smaller, from which it is evident that the 
volume of martensite formed during one impulse is 
many times greater than the volume of one martensitic 
needle. 

Thus, the impulse, which can be fixed on the 
magnetometric curve, is a result of the appearance 
of a large quantity of martensitic crystals, which 
leads one to assume that it is an integral process 
in the formation and growth of martensitic crystals, 
the formation time of each of which is many times 
greater than the total duration of the whole micro- 
process. 

The deformation impulse, it appears, is also an 
integral process and consists of separate elementary 
slips. The results of the work [6] permit the conclus- 
ion to be made that the jump-like elongation of the 
specimen is associated with the development of 
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avalanche-like slip formation on one of its planes. 
The appearance of micro-relief on a polished 

specimen surface during formation of deformation- 

martensite (cf. [5] ) shows that the appearance of 

- every martensitic crystal, or group of crystals, is 

associated with the formation of a micro-shift (if 

martensite formation does not take place during 


FIG. 9. Oscillogram of impulses of martensite 
transformation on cooling (recording 
speed = 500 mm/sec). 


deformation, then only slip lines form on the speci- 
men surface). 

It is most interesting to compare the studied 
process of martensite formation under the influence 
of deformation with the process of martensite forma- 
tion on cooling. 

A direct metallographic observation of the marten- 
site formation process (by micro-relief formation) 
has led to the conclusion that it proceeds by separ- 
ate impulses. The smooth appearance of the marten- 
site curve can be explained by the smallness of 
these impulses and by the fact that they follow one 
another in rapid succession. Nevertheless the uneven- 
ness of the martensite curve, consisting, as it were, 
of individual steps, has been pointed out as far 
back as 1937 [7]. 

In 1953, Alfimov [8], studying the initial portion 
of the martensitic transformation curve with an ani- 
someter, has shown that it consists of separate 
steps which decrease and finally merge into a smooth 
curve as the sensitivity of the anisometer decreases. 
From the photogram given in this paper it is pos- 
sible to say that the size of separate steps corres- 
ponds with the formation of 2x 10-’ to 2x 10g 
martensite, and, hence represents the formation of 
from one to hundreds of martensitic plates (in the 
work a calculation was carried out from which it 
followed that the weight of one plate of martensite 
is ~ 2.5 x 10°7 g). The work [7] shows that the 
formation of martensite on cooling proceeds by se- 
parate impulses. We have tried to make a study of 
the kinetics of such an impulse, for which purpose 
a veloferrometer type of arrangement, described 
above, was used. 


dM, % 


dr/sec 


23% 
Time, 7, sec 10” 


FIG. 10. Kinetic curve and curve for the impulse 
speed of martensite formation 
on cooling. 


In view of the smaller quantity of martensite 
involved, which forms during one impulse, it was 
decided to increase the magnetic field strength by 
applying an electromagnet and simultaneously in- 
creasing the sensitivity of the measuring coil. 

The construction of the apparatus is shown in Fig. 
8. Here, 1 = specimen of 3 mm diameter and 30 mm 
length; 2 = measuring coil, the wire ends of which 
are connected to the oscillograph vibrator; 3 = paper 
vat, containing liquid nitrogen; 4 = thermocouple; 

5 = poles of electromagnet (// = 2000 oersted). An 
accumulator was used for feeding the electromagnet. 
The cooling speed of the specimen was regulated by 
the level of liquid nitrogen. 

The method described enables one to calculate 
the number of impulses of the martensitic transfor- 
mation and the distances between them as functions 
of time and temperature, and to judge the quantity 
of martensite formed during a given impulse by the 
magnitude of the impulse. 

In Fig. 9 an oscillogram of the martensitic trans- 
formation on cooling is given (recording speed - 500 
mm/sec). A comparison between this oscillogram and 
the one given earlier (Figs. 5 and 6) shows the 
similarity of the formation process of martensite 
during deformation and during cooling; in both cases 
the formation of martensite consists of separate 
impulses, between which a time elapses which is 
considerably longer than the duration of the impulse. 

At a recording speed of 500 mm/sec the impulse 
spreads in time, and it becomes possible to study 


the kinetics of the impulse itself. 
With the aid of graphic integration a curve was 


obtained for one of the impulses, representing the 
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Depression 


FIG. 11. Sketches of the 


increase of the quantity of martensite as a function 
of time, which, together with the original curve (the 
speed of martensite formation curve) is given in 
Fig. 10. An approximate estimate of the quantity of 
martensite formed during the impulse, carried out by 
the method described above, gave the following 
results:- 


_R fide 


AV = 3.6. 10° cm’, 


i.e. the quantity of martensite formed is 3 x 10~“ g, 


AV x 100 


V specimen 


or AV % = = 0.017 volume per cent. 


From this, scales were worked out for the curves 
given in Fig. 10. 

The micromartensitic curve (named M in Fig. 10), 
showing the formation of martensite during one im- 
pulse, has the appearance of a normal kinetic phase 
transformation curve, and from a comparison between 
it and the micro-martensitic curve of Fig. 7, it fol- 
lows that the time required for one transformation 
impulse to proceed on cooling and during deformation 
is approximately the same (2 x 10” and 2x 10° 
sec), and the kinetics of both processes is analogous. 


micro-relief profile. 


It appears that the process under consideration 
is an integral process, and consists, as in the case 
of martensite formation during deformation, of ele- 
mentary acts of martensitic needle formation. 

For the study of deformation processes in the 
case of the martensitic transformation on cooling 
the phenomenon of micro-relief was used. On a spe- 
cimen of the steel under investigation a polished 
surface was prepared, on which the micro-relief, 
formed after cooling to 10- 50° below the martensitic 
point, was studied with the help of an interferential 
microscope of make MII-1. In Fig. 11 sketches of 
the more characteristic sites of micro-relief are 
reproduced. 

The deformation of austenite in regions adjacent 
to the martensitic crystals formed, where austenite 
is raised or lowered, is an interesting fact. 

The great similarity of the picture obtained with 
the one described in the work [9] permits the con- 
clusion to be drawn that the formation of a martensi- 
tic crystal is a process reminiscent of twin formation. 

A number of investigators [10, 11] have reported 
that under certain cooling conditions a large quanti- 
ty of martensite formed instantly, for instance, when 
there was an interruption in cooling; this was given 
the description name “burst phenomenon”. In the 
present work an burst phenomenon was also observed, 
when the cooling was intentionally interrupted. In 
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FIG. 12. Photogram appearance 
explosion. 


Fig. 12 the photogram of such an explosion, obtain- 
ed on an anisometer, is reproduced. From the photo- 
gram it can be seen that the martensitic transforma- 
tion in this case commences on reaching a tempera- 
ture of 0°C (by 30° lower than the martensitic point 
of this alloy), and 15 per cent martensite is formed 


in the short time interval (less than 0.5 sec). The 
energy given out raises the temperature of the spe- 
cimen * by 10°. 

In Fig. 13 the oscillogram for the martensitic 
transformation on cooling is given; this has been 
obtained with the help of the veloferrometer on a 
specimen inclined to “explode”. In this oscillogram 
we see three transformation impulses, following one 
another within 0.0] seconds. 


CONCLUSIONS 


The process of martensite formation, both under 
the action of deformation and on lowering the temper- 


* The “burst” phenomenon can be used for the estima- 
tion of the heat effect of the martensitic transformation, 
A cal/g. If it is assumed that the heating process of 
the specimen is adiabatic, then the following formula 
can be written:- A= 100 %/ \ M%.C.t cal/g, where 
AM ='quantity of martensite formed at the moment of 
“bursting”. 

For the present case 
A = 100/15. x 0.1 x 10= 6.6 cal/g 
(data available [12] of the magnitude of 
A = 4.2 cal/g; 
for carbon steel (0.9 per cent C)[13] A = 9.2 cal/g; 
for carbon steel (1.2 % C) A = 13.3 cal/g. 


ature, consists of separate impulses which occur 
successively, one after the other. In the course of 
one impulse (~ 10-7 sec) a large quantity of marten- 
sitic crystals form. 

The quantity of martensite forming during one 
impulse {nicro-kinetics of the process) can be ex- 
pressed hy a curve having the appearance of the 
usual kinetic curve for phase transformation. 

Transformations do not occur between separate 
impulses, despite any increase in tension or fall in 


FIG. 13. Oscillogram of the “explosion” phenomenon 
(recording speed = 500 mm/sec). 


temperature. 

The phenomenon of “bursting” — the formation, 
within a short time, of a large quantity of martensite 
— can be observed only when, for any reasons, the 
time interval between separate impulses sharply 
decreases and they partly superimpose themselves 
on each other as regards time (the phenomenon of 
“bursting” is known only for martensitic transforma-_ 
tion on cooling). 

The appearance of each martensitic crystal, both 
under the action of deformation and on lowering the 
temperature, is associated with microslip formation. 

When a portion of martensite forms on straining, 
the actions of elementary slips accumulate in such 
a manner as to cause macro-slip to occur, in the 
case of cooling, as a result of the different directions 
of elementary slips, the ensuing macro deformation 
is zero. 

The retardation of the martensitic reaction in the 
micro-process can be explained by local rise in 
temperature of the specimen and lowering of stress 
when some quantity of martensite forms. 


Translated by G. Isserlis 


REFERENCES 


1. S.F. Yur’ev, Udel’nye obemy faz v martensitnom 
prevrashchenti austenita (Specific volumes of phases 
in the martensitic transformation of austenite ), 
Metallurgizdat (1950). 

. V.K. Arkad’ev, Elektromagnitnye protsessy, ch. 1 
(Electro-magnetic processes, part 1), United 
Scientific and Technical Publishing House (1934). 


om 
my. 
NS 
| 
‘OL. 
6 
958 


Micro-kinetics of the martensitic transformation 


\.N. Arskii, Metalloved. i obrabotka metallov, M.M. Bigeev, Trud. Urals fil. Akad. Nauk SSSR, 9, 
No. 11 (1956). 1937. 

. A.P. Gulyaev and F.V. Petunina, Metallograf. . A.N. Alfimov, Zh. tekh. fiz., 25, 1105, (1955); 
issled. prevrashcheniya austenita v martensit 
fetallcgraphie investigation of the trans formation of taal and A.P. Gulyaev, Zh. tekh. fiz., 
austenite into martensite), Trud. All-Union Central Stu 
Scientific Research Institution, Mashgiz. No. 47, 1. Fiz. metal 


(1952). 
. O.P.Maksimova and A.I. Nikomorova, Problemy . Kulin, Cohen, Averbach. 
J. Metals, 4, No. 6, (1952). 


metallovedeniya i fiziki metallov (Problems in metal- 
lurgy and metal physics), Symposium 4, Metallurgiz- . Das Gupta and Lement. 
dat. 
. V.N. Rozhanskii and Yu. V. Goryunov, Dokl. Akad. 
Nauk SSSR, 105, 253 (1955). - Xonga. Japan. J. Phys. Tokio. 
. AP. Gulyaev, Kachestvennaya stal’ (Quality steel), 1, (1922). 
. Weibke and Kubaschewski. 


No. 1 (1937); 


S.S. Shteinberg, Trud. Urals fil. Akad. Nauk SSSR, Thermochemie des Legierungen 
9 (1937); Berlin (1943). 


116 
3 
4 
6 
VOL. 
6 
195& 
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The investigations of which the results are des- 
cribed in the present paper were a branch of the 
work conducted in recent years in our laboratory to 
study the cold brittleness of phosphorus steel with 
medium carbon content [1, 2]. 

Phosphorus is not without reason counted among 
the most damaging admixtures of technical iron 
because of its effect on the cold brittleness of 
steel. Steel alloyed with nickel, on the contrary, is 
used for making parts designed for exploitation 
under conditions of low temperatures [3]. When the 
investigations were designed it was proposed that 
the simultaneous alloying of steel with phosphorus 
and nickel, elements opposite in their effect on the 
cold brittleness of steel, would facilitate the under- 
standing of the mechanism of the effect of alloving 
on the cold brittleness. The immediate practical 
interest of such an investigation for the utilization 
of parts made from certain kinds of naturally alloyed 
materials was also borne in mind. 

In the literature investigations [4] have been 
published concerning the effect of phosphorus and 
nickel separately on the cold brittleness of steel, 
but their joint effect has, as far as we know, not 
been studied by anyone. Besides, the effect of these 
elements on the cold brittleness has mainly been 
studied in cases of mild carbon steels with a car- 
bon content more than 0.30 per cent usually not 
more than 0.20 per cent. This limitation of the 
material studied by the earlier investigators is ap- 
parently explained by the aims of their studies for 
which the application of steels with greater carbon 
content did not offer any prospects. It was estabish- 
ed that with increased carbon content the harmful 
effect of phosphorous on the cold brittleness in- 
creased and the good effect of nickel decreased. 

In the development of earlier work in our laborat- 
ory we shall investigate the cold brittleness of 
steel with a carbon content of 0.50 per cent. 

Three melts of steels with a phosphorus content 


* Fiz. metal. metalloved. 6, No. 3, 505-511, 1958. 


of up to 0.15 per cent and varying nickel content up 
to 2.0 per cent nickel inclusive were prepared in a 
high frequency electric furnace with acid lining. The 
composition of the steels is given in columns 1 to 3 
of Table 1. 

The initial charge was steel 45. The phosphoms 
was introduced in the form of 16 per cent ferrophos- 
phorus directly during the melting of the charge. Lhe 
nickel was introduced into the steel in the form of pure 
nickel after deoxidation with ferromanganese and 
ferrosilicon. Additional deoxidation with aluminium 
was not done. The steel was poured into metal moulds 
making billets of 10 to 12 kg weight. I'he steels of 
melts 4 and 7 were obtained with a deviation from 
the projected composition and were later used by us 
to assess the effect of these deviations on the cold 
brittleness of steel. 

The experimental steels were tested for impact 
strength in the hammered (degree of hammering 45 
to 50) and the normalized (7Tnorm = 850°C) state 
with a Menage notch. The tests were made with a 
pendulum impact machine of 30 kg force at sample 
temperatures of from + 20 to — 50°C (at intervals of 
10°C) and the results plotted as curves of impact 
strength against temperature of testing. At everv 
temperature 5 to 7 samples of everv melt were 
tested. 

In discussing the impact strength of steel it is 
necessary briefly to dwell on the role of the carbon 
content which in the first place determines the 
parameters of the impact strength-test temperature 
curve and its shape. An increase in the carbon 
content, while it does not markedly affect the magni- 
tude of the impact strength on brittle fracture, or. 
the temperature of the end of the transition to the 
brittle state, constantly lowers the work of fracturing 
in the ductile state and raises the temperature at 
which the first signs of brittle fracture appear [4]. 
The widening of the temperature interval of the 
transition to the brittle state and the reduction of 
the difference in the level of the fracturing energy 
in the ductile and the brittle state renders the curves 
more and more slanting. When the carbon content 
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TABLE 1. 


Content of elements, % 


Critical points, °C 


Ni | Si | Mn 
| | 


| Grain size 
Ac | Ac An | Ar, 


0.23 
0.156 
0.27 


6—7 


795 | seo | 725 | 


705 763 625, 702 | Small grain 
| | below the 
limit of the 

scale 


4 


7 

A 

7550-25 Q 25 50 75 190 125 150 175 200 
Temperature, °C 


DW ® 


Impact strength, kgm/cm? 


FIG. 1. Curves for the temperature dependence of the 
impact strength of carbon steels with different carbon 
contents and phosphorus steels containing 
0.3 per cent carbon. 


approaches the eutectoid, as the extrapolation of 
the experimental data shows, the upper level of the 
impact strength should be lowered to ~ 1.0kgm/cm’, 
while the difference in the maximum and minimum 
impact strength should be reduced to ~ 0.5 kgm/cm*, 
Thus, the upper level of the impact strength of hypo 
eutectoid carbon steel is, all other conditions being 
equal, determined by the content of pro-eutectoid 
ferrite in the structure. At the carbon content which 
interests us (0.45 to 0.50 per cent) the upper level 
of the fracturing energy of steel virtually without 
phosphorus (0.014 per cent P) was found to be 6.5 
kgm/cm? at + 15°C and 2.0kgm/cm? at — 75°C [2]. The 
increase in the phosphorus content in medium carbon 
steel, while slightly lowering the energy of brittle 
fracture, widens the temperature interval of the trans- 
ition from ductile to brittle fracture and shifts it to 
higher temperatures. With that the maximum value of 
the impact strength may prove to be even higher than 
in low phosphorus steel with the same carbon 


content, but shifted to higher temperatures. 

Fig. 4 shows the impact strength - temperature 
curves for carbon steels with varying carbon content 
(dotted curves) and also the same curves for phos- 
phorus steels with 0.3 per cent carbon content. For 
steels with the carbon content which interests us 
the increase in the phosphorus content from 0.014 
to 0.084 per cent lowers the impact strength in the 
temperature interval of the experiments of from—45 
to + 15°C approximately by 1.0 kg/cm?, according 
to [2]. At the given phosphorus content the level of 
the impact strength and its dependence on the test 
temperature depends essentially on the size of the 
grain of the steel. As distinct from carbon, phosphor- 
us is dissolved mainly in ferrite but not in austenite, 
and, with the concentrations of it in steel which are 
under discussion does not markedly affect the eutect- 
oid carbon content. It slightly reduces the lattice 
parameter of a iron with which it forms a substitu- 
tional solid solution, markedly strengthening it. 
According to our data, the microhardness of ferrite 
when its phosphorus content is raised from 0.11 to 
1.42 per cent increases continuously from 131 to 
241 units (PMT - 3, load 50 g). By its effect on the 
hardening of ferrite it exceeds the majority of other 
alloying elements. The nature of the mechanism of 
this extraordinary hardening combined with a very 
slight effect on the lattice parameter is still insuf- 
fuciently clear. In paper [1] it was shown that the 
adverse effect of the phosphorus content on the cold 
brittleness of steel can in no case be ascribed only 
to its effect on the grain size, but demands an ex- 
planation from the point of view of its effect on the 
properties of the solid solution of ferrite. The sug- 
gestion was then made that while affecting the struc- 
ture of the crystal lattice phosphorus facilitates the 
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FIG. 2. Curves for the temperature dependence of the impact strength 


of phosphorus steels alloyed with nickel: 
1— 0.49% C, 0. 16% P. 
2 — 0.48% C, 0.143% P, 1.08% Ni. 
3 — 0.49% C, 0. 15% P, 2.04% Ni. 
4 — 0.49% C, 0. 25% P, 1.81% Ni. 
5 — 0.44% C, 0.052% P, 
6 — 0.47% C, 0.014% P. 
7— 0.54% C, 0. 19% P. 


TABLE 2. 


Magnitude of impact strength, kgm/cm? 


—10° 


Maximum 
Average 
Minimum 


Maximum 
Average 
Minimum 


Maximum 
Average 
Minimum 


raising of the resistance to dislocation motion when with the curves for steels without nickel (with the 


the temperature is lowered. 


same carbon content), with and without phosphorus 


The results of the impact tests of steels contain- (the numbers on the curves signify the numbers of 
ing 0.15 per cent phosphorus and alloyed with nickel _ the melts in accordance with Table 1). In order to 
are shown in Table 2 and in Fig. 2 in the form of avoid confusion in the drawing and to render it 
impact strength -test temperature curves. The curves _ graphically schematic, the sections of the curves in 
for steels alloyed with nickel are shown together the critical interval of the transition from viscous to 


119 
ff 
6 
958 
| | 6.2 5.2 4.0 | 4.4 : 3.3 0.6 | 0.5 
1 S| 6.0 4.6 3.1 2.5 1.7 0.4 0.3 
5.8 4.4 1.1 0.7 0.4 0.25 0.1 
[_| 7.5 | 5.3 | 4.3 | 4.5 | 3.0 | 2.3 | 0.8 
2 7.0 5.0 4.0 2.8 1.8 1.8 0.5 
6.5 °~| 4.8 3.8 1.2 0.8 0.8 0.25 
| 7.5 5.0 | 4.5 | 3.9 3.5 | 3.5 | 2.8 
3 S| 7.2 4.7 3.9 3.5 3.0 2.6 2.0 
6.8 4.0 3.7 3.2 2.8 1.5 1.2 


Effect of phosphorus and nickel on steel 


FIG. 3. Microstructure of steel of melt 2 
(1.085 per cent Ni) revealed by 
sodium picrate; x 480. 


brittle fracturing are shown as a straight slanted 
sector. 

Curve ] relates to phosphorus steel of basic ana- 
lysis not containing nickel. Curves 2 and 3 relate 
to steels containing respectively 1.085 and 2.04 per 
cent nickel. The figure shows that nickel shifts the 
curve to higher values for the impact strength and 
that the more the value rises the higher its content. 
It is interesting to note here that additions of nickel 
in the given case do not affect the impact strength 
at — 10°; at that temperature curves 1, 2 and 3 inter- 
sect. [he critical interval of the transition from vis- 
cous to brittle fracturing is shifted under the influ- 
ence of additions of nickel to lower temperatures. 
Thus, for steel without nickel (1) it lies in the tem- 
perature interval of from — 10 to — 30°C, for steel 
(2) with a nickel content of 1.0 per cent between 
— 20 and — 40°C, and for steel (3) with 2.0 per cent 
nickel between — 40 and — 50°C. Thus, steel con- 
taining 0.49 per cent C, 0.15 per cent P and 2.0 per 
cent Ni has a limit of cold brittleness at — 40°C, 
lowered by 30° compared with steel without nickel 
with the same phosphorus content. It is very close 
to the temperature of — 45°C in relation to which 
the suitability of steel for exploitation in tempera- 
ture conditions outside closed buildings is most often 
determined. As far as one can judge for three steels 
examined, within the limits of up to 2 per cent Ni 
the shift of the upper limit of the critical tempera- 
ture interval of brittle fracturing goes on progressive- 
ly with higher nickel contents. 

It should also be noted that nickel markedly in- 
creases the impact strength for the brittle fracture 
of steel when the phosphorus content is increased. 
Thus, the average level of the impact strength at 
— 50°C for steels 1, 2 and 3 is.equal to 0.3, 0.5 and 
2.0 kiom ‘em? respectively. flere one can also see, but 
only as a tendency, an increase in the impact 


FIG. 4. Microstructure of steel of melt 2. 
Dendritic inhomogeneity. 
Different abnormality; x 200. 


strength of the steel when the nickel content is in- 
creased. All these observations concern steels con- 
taining 0.15 per cent P and up to 2 per cent Ni. An 
experiment made with steel containing 0.25 per cent. 
P (melt 4) and 1.8 per cent Ni showed that with such 
a proportion of the phosphorus and nickel contents 
in the steel the impact strength - temperature curve 
lies throughout its course below the curve for the 
base steel without nickel of melt 1 and that the 
critical interval of brittle fracturing lies for it in the 
temperature zone of from 0 to — 30°C. Whether one 
may count on it that a further increase in the nickel 
content can overcome the adverse effect of an ad- 
dition of 0.25 per cent P on the cold brittleness of 
steel cannot be said without first making experi- 
ments. 

Turning to the microstructure of the steels examin- 
ed it must be remarked that characteristic for the 
microstructure of phosphorus steels is their abnorm- 
ality. In paper [5] and earlier still in paper [6] the 
abnormality of the structure of hypo eutectoid phos- 
phorus steels has been described in detail; it is 
expressed in the presence simultaneously of two 
ferrites, “relief” ferrite enriched with phosphorus, 
and “ordinary” ferrite, poor in phosphorus, which 
surrounds it; the reason for this were explained and 
the conditions for the appearance of the abnormality 
were established. In the case of steels with increas- 
ed phosphorus content alloyed with nickel, steels 2 
and 3 in our case, we met with an abnormality usual- 
ly observed in the hypo eutectoid layer of cemented 
steels. It is expressed in the separation of cement- 
ite and ferrite in structure free form and in extreme 
cases leads to the almost complete disappearance 
of pearlite. The microstructure of steel of melt 2, 
when the microsection was etched with sodium 
picrate, is shown in microphotograph on Fig. 3 and 
illustrates the phenomenon described. The special 


120 
VOL 
6 
195. 


Effect of phosphorus and nickel on steel 


FIG. 5. Microstructure of steel of melt 3 
(2.04 per cent Ni). 
Abnormal structure; x 800. 


feature of this case is that the abnormality describ- 
ed is observed in hypo eutectoid steel. 

As has already been noted above, phosphorus 
within the limits of the concentrations with which 
we had to do in our experimental alloys does not 
noticeably affect the position of the eutectoid point 
by the carbon content. According to available data 
nickel shifts the eutectoid point to lower carbon 
contents by about 0.045 per cent carbon for each 1 
per cent of nickel. Hence with 1 per cent nickel 
the eutectoid carbon content should be expected at 
about 0.75 per cent carbon. The observed inhomo- 
geneity of the structure illustrated in Fig. 4 can 
testify to the inhomogeneity of the composition of 
the alloy, to the nature of the dendritic inhomogen- 
eity. One observes an alternation between sections 
of normal and abnormal structure corresponding to 
interbranch and branch zones of the dendrites. The 
microphotograph of steel 3 shown in Fig. 5 if com- 
pared with the microphotograph of Fig. 3 shows that 
the area occupied by the abnormal structure increa- 
ses with higher nickel content. 

The study of the structure of the alloys for the 


purpose of working out the diagram of the equilibrium 


phases of the system Fe-C-P showed that abnormal 
structures of this type were observed already in al- 
loys where the phosphorus content was over 0.15 
per cent and the carbon content over 0.6 per cent. 
One must therefore suppose that the presence of 
nickel facilitates the development and stability of 
dendritic structures. In opposition to phosphorus, 
nickel is dissolved mainly in austenite, not in fer- 
rite, and increases the lattice parameter of the a 
solid solution. Lately it has been established that 
[7, 8] with prolonged holding at a constant tempera- 
ture in the area of the two-phase state of nickel 
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FIG. 6. Curves of the temperature dependence of the 
impact strengthof steel of melt 2 after normalization 
(solid curves) and improvement (dotted lines). 


steel an uneven distribution of nickel emerges which 
is well defined and remains stable under ordinary 
conditions of heating and cooling. It is reached more 
slowly than the uneven distribution of phosphorus 

in steel due to the lower temperatures of the critical 
interval in nickel steels and to observe it was more 
difficult because of the lack of a specific reagent 
(this uneven distribution is proved mainly by mag- 
netic analysis). The investigation of the effect of 
nickel and phosphorus on the coalescence of cement- 
ite [9] showed that they both facilitate the develop- 
ment of coalescence. 

Owing to the process described of the separation 
of ferrite and cementite the steel acquires more and 
more a predominantly ferrite matrix alloyed with 
nickel and phosphorus and the pearlite content in it 
is more and more reduced. Above it was shown that 
an increase in the pearlite content of the steel should 
lower the maximum impact strength, while the pres- 
ence of nickel in the ferrite matrix should raise the 
impact strength in steel with brittle fracturing. Pre- 
cisely both these signs are observed in our experi- 
mental steels alloyed with nickel. But the form of 
the cementite precipitation in the shape of laminated 
layers mainly on the grain boundaries must be expect- 
ed to be unfavourable to obtaining a high impact 
strength although in the given development of the 
process to coalescence of the cementite has no 
catastrophic consequences. In connexion with the 
expectation of an adverse effect of the structural 
separation of cementite in this form we tried to 
influence the form of the cementite precipitation by 
means of heat treatment and to verify the effect of 
this heat treatment on the impact strength of the 
steel. Steel of melt 2 was chosen for this experiment. 
The heat treatment was: quenching in water from a 
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temperature of 850°C; followed by an hour’s anneal- 
ing at a temperature of 650°C (improvement opera- 
tion). As a result the steel of melt 2 acquired the 
structure usual for this heat treatment: dispersed, 
evenly distributed cementite grain in a small-grained 
ferrite matrix. The results of the impact strength 
tests for the steel treated in this way are given in 
Fig. 6 in the form of an impact strength-test temper- 
ature curve. The curve for the impact strength of a 
stee! of melt 2 in the initial normalized state (solid 
lines) has also been entered in the figure, which 
makes it possible to demonstrate the effect of the 
two forms of heat treatment in a more graphic fashion. 
One can see from the figure that the temperature 
of transition into the brittle state is not noticeably 
shifted as a result of this heat treatment compared 
with its level for steel in the normalized state, but 
that the energy of viscous fracturing is very marked- 
ly shifted to higher values, corresponding to the 
upper branch of the curve: by 3.6kgm/cm? at + 20° 
and by 1.8 kgm/cm? at — 40°C. The energy of brittle 
fracture is also raised very little, practically on a 
scarcely noticeable scale. Hence one may draw the 
conclusion that the temperature of the appearance of 
the first signs of brittle fracture and the temperature 
of the complete transition of the steel into the brittle 
state are basically determined by the properties of 
the ferrite, while the magnitude of the fracturing 
energy in the ductile state is limited by the amount 


of pearlite in the ordinary case, and by the form of 
the cementite precipitation and its distribution 
within the ferrite matrix in special cases. 

Alloying with elements which enter into solid 
solution with iron, as the example studied of steel 
alloyed with phosphorus and nickel has shown, can 
materially affect the impact strength of steel and 
its dependence on temperature. 

In the present paper we have not touched on the 
effect on the impact strength of additional deoxida- 
tion of steel by aluminium. This question was dis- 
cussed in detail in papers [2] for medium carbon 
steel and in paper [3] for low carbon nickel steel. 

In both cases the additional deoxidation with alumin- 
ium proved to have a very beneficial effect on the 
cold brittleness of steel, but its effectiveness be- 
came less with increased carbon content. The effect 
of aluminium is probably not only on the grain size 
but also on the strain ageing and, hence, depends on 
the nature of the solid solution of ferrite. The deo- 
xidation with aluminium reduces the liquation 
inhomogeneity of the composition of the steels in 


phosphorus and nickel [10, 11]. 


Translated by B. Ruhemann 
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Application of microbeams of X -rays to the in- 
vestigation of the microstructure of metals, especial- 
ly deformed metals, has proved very fruitful.Hirsch 
and other [1-4] have carried out a series of research 
on pure metals with the help of a unique sharply 
focused tube. X-ray beams small in one dimension 
were used in the work of Kolontsova [5] and Rovinskii 
[6]. Movchan [7] applied microbeams to the phase 
analysis of steels. 

In the present work the structure of carbon steel 
25 was investigated with the help of microbeams 
before and after deformation. In the paper the method 
of obtaining microbeams and the results of the inves- 
tigation of steel 25 in the undeformed state are 


briefly described. 
METHOD AND MATERIAL OF INVESTIGATION 


Thanks to the small size of the focal point which 
makes it possible to obtain a narrow primary beam 
of high intensity the X-ray tube of Pines’construct- 
ion satisfies the main requirements for X -ray photo- 
graphy with microbeams. 

The photographs were made with a diameter of the 
focal point of not more than 0.15 mm and with a tube 
current of 1 mA. During the time of the exposure no 
noticeable change in the size of the focus was ob- 
served in spite of a slight burning of the anodes. 
Hence, the angle of convergence of the primary beam 
did not change during the taking of the photographs. 
These were taken in a back-reflection camera with 
special collimator arrangement. In the earlier work 
' with microbeams [1-4] capillary collimators were 
used made with great precision from lead glass. 
Their optimum alignment is somewhat difficult. 
Besides, with a capillary it is not possible accurate- 
ly to assess the angle of convergence of the beam. 

In the present paper the microbeam was obtained 
with the help of round openings of different diameter 
(40 p and larger) made in screens of tantalum foil. 
Screen size 6 with the opening of the diameter 


* Fiz. metal. metalloved. 6, No. 3, 512-516, 1958. 


required was placed in the holder 1 (Fig. 1) which 
was screwed on the guiding tube 2 which in turn was 
screwed into the central part of the casing. By screw- 
ing the guide tube further in or by using a tube of 
different length the opening can be set at the requir- 
ed distance from the film and firmly fixed by means 
of the counter nut 3. The adjustment of a camera 
with an opening collimator to the optimum position 
(without a special apparatus) is easier than for a 
camera with capillary arrangement. Two films were 
placed in the casing. The second film served to 
exclude errors arising from accidental defects of the 
photograph and also for better examination of the 
structure of the more intense spots for which the 
blackening of the first film was too strong. 

The photographs were made with radiation from 
iron and cobalt anodes with a diameter of the irra- 
diated part of the sample of 70, 100, 120-130 p. 

A reduction of the size of the irradiated section 
below 70p was not required for photographs of steel 
25, since already with this size only 2 to 3 crystal- 
lites were in a reflecting position in the irradiated 
volume. Before every photograph a control was made 
of the dimensions of the irradiated section of the 
sample and of the focal spot of the tube. The time 
of exposure for the photographs of undeformed steel 
was from 4 to 8 hr. 

Owing to the circular form and the small size of 
the focus it could be assumed that the angle of 
convergence of the primary beam a = f/r, where f is 
the diameter of the focus and r the distance from the 
sample to the focus. For photographs with iron radia- 
tion the angle a was 0.0019 to 0.0026 and with cobalt 
radiation 0.0018 to 0.0024 rad. 

For comparison photographs were also taken with 
wide beams (with a size of the irradiated section of 
1.6 x 1.6 mm?) in an URS-55 apparatus with iron 
radiation. The convergence of the primary beam was 
for these photographs 0.008 rad. 

On the X-ray photographs taken with microbeams 
of undeformed samples a few individual spots are 
observed. Their form, size, radial and tangential 
blurring were assessed with 5 to 15 times magnifica- 
tion and microphotometrically. The analysis of the 
X-ray photographs of the deformed samples is more 
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FIG. 1. Collimator arrangenent. 
1 — Holder for opening. 


2 — Guiding tube. 


3 — Plug for fastening the en- 
velope with the film in the 


casing. 
4.— Nut. 


5 — Counternut. 


6 — Opening. 


complex since they contain groups of more or less 
clearly distinct spots joined by a common back- 


ground. By measuring the central angle y subtending 
the arc between two neighbouring spots in the X - ray 
photograph and knowing the angle of reflection @ one 
can determine the angle of disorientation 8 of the 
corresponding particles from the formula 


Y 


sin — = cos @. sin = 


The values for the angle y were not averaged but 
the interval was fixed within which they change for 
a given arc or X-ray photograph. 

Photometric measurement in an Vik -2 or iF -4 
apparatus makes it possible to measure the distance 
between near spots with sufficient accuracy but of 
their width gives only an estimate because of the 
unevenness of the blackening and the smallness of 
the spots. In spite of this, microphotometric analys- 
is of spot X-ray photographs with microbeams are 
fully expedient. 

Preparations for samples of carbon steel 25 con- 
sisted of normalization from 860 to 870° and then a 
temper at 620 to 630° for 3 hr with slow cooling. 
From such preparations standard samples for break- 
ing tests were cut which were also used for the ex- 
periments. I'’o remove the deformation from the me- 
chanical treatment the surface layer of the samples 
was etched away for 0.3 to 0.5 mm before taking the 


X-ray photographs. A part of the samples instead 
of being etched were before deformation once more 


subjected to a second tempering at 600 to 610° for 
2 hr with slow cooling. To prevent oxvdization — 


during the tempering the surface of the samples was 
covered with a thin layer of boric acid. Photographs 
of the samples prepared by both methods gave iden- 
tical results. 


RESULTS OF THE INVESTIGATIONS AND 
DISCUSSION 


The interference lines (220) in X -ray photographs 
taken with ordinary beams consist of a large number 
of spots little different in size which are evenly dis- 
tributed over the whole area of the interference ring. 
The average linear dimension of the crystals deter- 
mined from these X-ray photographs with the help 
of the method of two exposures [2] was 25 p. 

On each of the X -ray photographs taken with 
microbeams with a diameter of the irradiated section 
of from 70 to 130 » there are 2 to 12 intense and 
sharp spots (Fig. 2). They are not accurately placed 
on the circumference of the rings Kg, and Kg,; the 
deviation reaches 30 to 35’. This effect of the scat- 
tering of the spots on X -ray photographs of unde- 
formed samples has already been noted before (e.g. 
[6]). The spots are distributed along the interference 
ring fairly evenly. 

Form and size are not the same for all spots ob- 
served on one X -ray photograph. Some of them have 
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FIG. 2. X-ray photograph of undeformed sample; 
A —Co: x 2. Diameter of irradiated section 90p. 


the shape of dashes directed along the radius of the 
ring; others are round in shape. A comparison of the 
shape of the focus of the tube, the form of the open- 
ing and the form of the spots shows that the form of 
the spots does not at all reproduce the form of the 
focus of the opening but is determined by the shape 
of the reflecting parts of the metal. 

An important feature of all the X-ray photographs 
is the absence of the repetition of the spots on the 
lines of the Kg doublet. This testifies to the high 
resolving power of the photographs and to the relat- 
ively high degree of perfection of the crystals of the 
metal. We recall that the difference in the reflection 
angles for the lines of the Kg doublet (220) in iron 
radiation is 24’ the natural width of the spectral 
lines is 2 to 3’, and the angle of convergence of the 
primary beam is 6 to 7%. 

The size of the majority of the spots (radial and 
tangential) ranges from 0.1 to 0.25 mm or 6 to 15% 
Even if one assumes that the radial width is condi- 
tioned only by the inhomogeneity of the lattice para- 
meter, this inhomogeneity translated into stresses of 
the second order even then does not exceed 4 to 6 
kg/mm?. If, however, one takes into account that the 
convergence of the primary beam also contributes to 
the width of the spots, as does the natural width of 
the spectral lines and the size of the reflecting 
particles, then the inhomogeneity of the lattice para- 
meter is still smaller. Probably only in individual 
crystallites is this inhomogeneity more significant, 
since on some X-ray photographs spots with a radial 
width of up to 40’ are present. 

On almost every X-ray photograph there are spots 
divided into two in a tangential direction. This split- 
ting up of the spots can in the general case be caus- 
ed by two factors: accidental close orientation of 
different crystallites or a certain disorientation of 
parts of one and the same crystallite. When, however, 
only from 2 to 5 crystallites are in a reflecting posi- 
tion the probability of such close orientation of two 
of them which are not neighbours (moreover, in 


almost all cases of photographs and always approxi- 
mately with the same angle of disorientation) is, of 
course, extremely small, the more so since the spots 
are equally distributed along the ring. It remains to 
admit that the split spots are reflections from differ- 
ent parts of one and the same crystallite. Hence, 
crystallites in undeformed steel 25 can consist of 
several parts or fragments slightly disorientated 
towards each other. The angle of disorientation of 
the fragments the reflections from which are the 
closely neighbouring spots is between 3 and 6’. 

There was noted a case of a simultaneous radial 
and tangential splitting up of spots, for example, 
one such spot on Fig. 3 consists of several parts. 
This illustrates graphically the existence in the 
crystallite of certain areas of disorientation of its 
fragments. 

The number of spots observed in the photographs 
taken with microbeams of X-rays is 5 to 15 times 
greater than the number that might be expected from 


a calculation of the probabilities of reflection and 
from the average size of the crystallites found, even 


if one assume a clearly too large value for the irradi- 
ated volume and for the effect of the natural width of 
the spectral lines and the imperfections of the crys- 

tallites. Hence there really are areas in the irradiat- 

ed volume which give separate reflections in greater 

numbers than crystallites. 

In agreement with this proposition is also the re- 
lation of the intensity of the spots obtained in X -ray 
photographs taken with microbeams and with ordinary 
beams (in the undeformed state). In both cases the 
intensity of the spots is roughly the same, although 
the time of exposure with microbeams was 8 to 12 
times longer than with ordinary beams, while the 
specific intensity of the primary beam of the sharp- 
focus tube was in any case not less than that of the 
BSVL tube used for the photographs with the URS-55 
camera. This relation is chiefly conditioned by the 
smaller volume of the area of the crystal which gives 
separate spots in X-ray photographs takem with 
microbeams. 

The above indicated fragments of the undeformed 
metal are not equivalent to the areas of coherent 
scattering (mosaic blocks) which have a linear size 
of the order of 10-5 cm. Such small areas could not 
give precise spots in an X -ray photograph taken with 
a microbeam in such a short time of exposure, com- 
parable with exposure times for ordinary beams, where 
individual spots are reflections from entire crystal- 
lites. From this relation of the intensity of the spots 
obtained by microbeams and ordinary beams it follows 
that the fragments represent areas of the same order 
of size as the crvstallites themselves. These, in turn, 
may not be homogeneous as appears from the fine 
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FIG. 3. a — Aspect of spots split up in the radial (r ) and tangential (¢) directions; 


A — Fe: X15; 


b — Microphotograph of spot (Fig. 3a) in the tangential direction; 
c — Microphotograph of spot (Fig. 3a) in the tangential direction 
(magnification along the horizontal axis of the microphotograph 50). 


structure of the parts of the split up spots (e.g. in 
Fig. 3a). 

As was recalled above, on not one of the X-ray 
photographs was there a case of simultaneous pres- 
ence of spots from fragments of one and the same 
crystallite which would correspond to Kg, and Kg, 
radiation. This shows that the total area of disorient- 
ation in the undeformed crystallites is not large and 
in all probability does not exceed 20 to 25’. Hence, 
the crystallites in the undeformed steel investigated 
censist of a limited number of comparatively large 
and slightly disoriented fragments. With a small 
number of fragments in a crystallite the probability 
that several of them will find themselves in a reflect- 
ing position is not great. Therefore, certain spots do 
not split up. Besides, there is the possibility of the 
merging of reflections from several fragments if their 
disorientation is less than 3 to 4’, that is smaller 
than the angle of convergence of the primary beams, 
and also of the presence of unfragmented crystal- 
lites. 

Rovinskii and Rybakova [6] have concluded from 
indirect data obtained from measuring the width of 
solid lines that in undeformed metals the crystal- 
lites are adequate to mosaic blocks or are combina- 
tions of a small number of blocks and therefore the 
values for the sizes of the mosaic blocks usually 
cited in the literature are greatly underestimated. 

In the present paper direct proof has been obtained 
for the presence of large fragments in the crystals 
of undeformed metals while the inhomogeneity of the 
lattice parameter is small. This does not deny the 
possibility of a block structure of the crystallites, 
since the fragments, in turn, may consist of a large 
number of much less disoriented blocks the angles 
between which are of the order of a few seconds. . 


Indeed, if one assumes that the observed radial 
spreading of spots is conditioned in the main by the 
dispersion of blocks, calculation from the Seliakov- 
Scherrer equation yields the value of 2 x 10-5 cm 
for the size of the blocks. The disorientation of 
these blocks would cause the observed tangential 
widening of the spots. 

For the time being there is no basis for saying 
that the fragmentation of crystals in the undeformed 
state is valid for all metals. Undoubtedly, the degree 
of purity and the phase composition of the alloy, 
the heat treatment and other factors, will have an 
important effect on the microstructure of the crys- 
tallites. 


CONCLUSION 


1. It has been shown that it is possible to invest- 
igate the microstructure of a heterogeneous alloy 
(carbon steel) with microbeams of X-rays, using for 
this purpose a sharp focus X-ray tube of Pines’ 
construction. 

2. In carbon steel of brand 25 in the undeformed 
state after normalization and high tempering the 
crystallites consist of a small number of relatively 
large and slightly disoriented fragments while the 
inhomogeneity of the lattice parameter is very small. 

3. The disorientation of neighbouring fragments 
in the crystallites in the cases investigated is not 
more than 3 to 6’, while the total area of disorienta- 
tion of individual crystallites in all probability does 
not exceed 20 to 25%. 

4. The phenomenon of the fragmentation of the 
crystallites of the undeformed metal does not contra- 
dict the proposition of a micro-mosaic structure of the 
crystallites. Translated by B. Ruheman 
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STRESS RELAXATICN IN NICKEL-COPPER ALLOYS* 
M.G. GAIDUKOV and V.A. PAVLOV 
Institute of Metal Physics of the Ural Branch of the Academy of Sciences of U.S.S.R. 
(Received 26 June 1957) 


In previous studies an investigation was made 
of aluminium-magnesium alloys in which the forces 
of interatomic attraction are independent of solid 
solution concentration and the static crystal lattice 
deformation increases with increasing magnesium 
concentration [6, 7]. These alloys were found to 
show an increase in the yield point which is short- 
time resistance, as well as an increase in their 
relaxation stability [1, 2]. Furthermore, it was also 
found that magnesium is redistributed in the solid 
solution volume because of the setting in of certain 
diffusion processes, with the result that the mecha- 
nical strength properties of the alloys show an ir- 
regular variation with the alloy temperature and de- 
formation velocity. The diffusion processes are 
also responsible for an irregular distribution of mag- 
nesium in the solid solution volume. It was accom- 
panied by complications in the basic act of diffus- 
ion and by an increase in the recrystallization tem- 
perature [3], which, in its turn, inhibited the develop- 
ment of diffusion plasticity. 

The drop in the characteristic temperature value 
in nickel-copper alloys is sufficiently rapid so that 
there is a reduction in the elastic modulus [4, 5]. At 
room temperatures, the value of crystal lattice 
static deformation is quite considerable, but it dimi- 
nishes rapidly as the temperature is increased. 

An elevation in the interatomic attraction force 
as found in deformed copper-rich alloys, is very 
likely to be associated with a non-uniform distribu- 
tion of atoms in the solid solution volume, arising 
in consequence of either the presence of diffusion 
at the time of deformation, or because of diffusion 
occurring during the specimen storage at room tem- 
perature after its deformation. With these alloys, the 
appearance is also possible during annealing of 
what is known as, the K -state; this state is charac- 
terized in that the copper atoms are non-uniformly 
distributed in the solid solution volume [8, 9]. 

Because of the peculiar nature of nickel-copper 
alloys, it can be expected that intensive diffusion 
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processes will occur in these alloys under load and 


- that these processes will be accompanied by a con- 


siderable stress relaxation. However, during diffus- 
ion at the period of stress relaxation, the atoms will 
become non-uniformly distributed over the solid solu- — 
tion volume, and if this non-uniform distribution of 
atoms is also accompanied by the formation of atomic 
groupings, it will tend to diminish the intensity of 
stress relaxation. 


TEST MATERIALS AND EXPERIMENTAL 
PROCEDURE 


The alloys of nickel and copper used in the pres- 
ent investigation were made in a high-frequency 
electric furnace, under vacuum of 10-5 mm Hg. The 
starting materials were: grade H000 electrolytic 
nickel (99.99 per cent purity) and electrolytic copper, 
with an overall impurity content of 0.05 per cent 
(0.02 per cent of this was due to oxygen). Both nick- 
el and copper were subjected to a preliminary melting 
under vacuum thereby expelling all the gases present 
in them. After casting, the samples were forged to 
rods, 14 x 14 mm in cross-section and these were 
used for the preparation of test specimens with a 
working length of 100 mm, a diameter of 6 mm and 
with threaded end-pieces 12 mm in diameter. The 
annealing of test specimens was done at specially 
chosen temperatures ensuring that the grain size in 
all test specimens was identical. Stress relaxation 
was studied in an apparatus of UFNA (Ural Branch 
of the Academy of Sciences, U.S.S.R.) design, which 
is equipped with a device for the automatic record- 
ing of the stress relaxation curves. Tests were made 
at the temperatures of 500, 550, 600 and 650°C, 
under initial loading of 2 and 4kg/mm?. Under the 
smaller initial load of 2 kg/mm’, the stress created 
was several times lower than that corresponding to 
the yield point of the specimens at the test temper- 
atures used and, therefore, only the diffusion mecha- 
nism of stress relaxation was operative. In the second 
case, the initial stress values were close to those 
corresponding to the yield point and stress relaxa- 
tion could take place also by the mechanism of 
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FIG. 1. a-b. Dependence of stress relaxation in the nickel-copper alloys in function of temperature 
at the load of 2 kg/mm? and at the temperatures of 500°C (a) and 550°C (6): 
1— 100; 2-— 1000; 3 — 10,000; 4 — 100,000; 5 — 3000,000 sec. 
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FIG. l.c -d. As in Fig. la-b, but at the temperatures of 600°C (c) and 650°C (d): 


1 — 100; 2 — 1000; 3 — 10, 


displacement deformation. Values of the yield point 
for these alloys and for pure nickel are tabulated 
below. 


EXPERIMENTAL RESULTS 


In Fig. 1 a-d, are shown stress relaxation curves, 
at the initial load of 2 kg/mm’, as obtained by plot- 
ting the values of stress relaxation as a function of 
solid solution concentration. Stress relaxation is ex- 
pressed in terms of the ratio o/ao, where 0p is the 
initial stress and o is the yield point stress. Each 
curve in Fig. 1 corresponds to the relaxation of 
stress through a definite period of time after the 
beginning of test. 

It is clear from Fig. la, that at the temperature of 


0; 4 — 100,000 sec. 


500°C and at all test durations, the extent of stress 
relaxation in alloys is greater than in pure metals. 
For any given test duration, the relaxation of stres- 
ses increases with increasing concentration of the 
solid solution. 

At the temperature of 550°C and with short test 
duration periods (up to 1000 sec), the pattern of 
stress relaxation development is identical with that 
obtained at 500°C, i.e the degree of stress relaxa- 
tion occurring in alloys during a given time interval 
is higher than that found in pure nickel. However, 
when the test duration is increased still further, a 
change becomes apparent in the alloy properties. 
The alloys containing 10 and 20 per cent copper, 
pass through an intensive period of stress relaxation, 
which reaches a value higher than that for pure 
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FIG. 2. Relationship of stress relaxation in nickel-copper 
alloys at the temperature of 500°C and under the initial 
load of 4 kg/mm?: 

1 — 100; 2 — 1000; 3 — 10,000; 4 — 100,000; and 
5 — 300,000 sec. 


nickel when the test is continued for 300,000 sec; 
the alloys with 40 and 60 per cent of copper show, 
however, a drop in the rate of stress relaxation and 
their properties are comparable with those of pure 
nickel. 

This hardening effect observed during the stress 
relaxation stage in copper-rich alloys becomes still 
more apparent at high test temperatures. At the 
temperature of 600°C and in the initial stage of 
stress relaxation, the alloys with copper concentra- 
tions of 40 and 60 per cent show a stress relaxation 
value identical with that for pure nickel, but at 
longer test periods (100,000 sec) the strength of 
these alloys is higher than that shown by pure nickel 
and by the alloys with 10 and 20 per cent copper 


concentrations. 
In Fig. 2 are shown stress relaxation curves ex- 
pressed as a function of the solid solution concent- 
ration and corresponding to the test temperatures 
of 500°C and to an initial load of 4 kg/mm’. It is 
clear from the graphs that, in this case the highest 
strength values at all test periods are shown by the 
alloy with 40 per cent copper concentration. It is 
also worth noting that the alloy sequence in terms 
of their resistance values to stress deformation is 
identical with that obtained by arranging them ac- 
cording to the yield point values (see Table 1). It 
is clear that, in this case, the stress deformation 
is mainly via the displacement deformation mecha- 
nism and that the alloy resistance to displacement 
type of stress deformation has played here an es- 
sential part. 


EVALUATION OF TEST RESULTS 


At high temperatures, there are two mechanisms 
of the deformation of metals and alloys: the displace- 
ment and diffusion deformation mechanisms. Depend- 
ing on the conditions of deformation and on the alloy 
properties, either the one or the other deformation 
mechanism can predominate. The result of the pres- 
ent studies showed that identical alloys can show 
completely different properties depending on their 
deformation conditions. 

At relatively high initial specimen loading, when 
the displacement mechanism of stress relaxation is 
operative, the highest resistance to stress relaxation 
was found in alloy test specimens possessing also 
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the highest values of resistance to plastic deforma- 
tion. 

At an initial load of 2 kg/mm’, the stress relaxa- 
ation in alloys was found to be due mainly to the 
development of diffusion plasticity associated with 
copper diffusion. The degree of stress relaxation in 
alloys at the temperature of 500°C is the greater the 
higher the concentration of the alloying element. 

The fact that the pattern of stress relaxation gets 
more complicated at higher temperatures, points to 
the occurrence in the alloys in a deformed state of 
certain processes associated by modifications in 
the solid solution properties. Nickel-copper alloys 
form a homogeneous solid solution within the whole 
of the temperature and concentration intervals inves- 
tigated and, therefore, a breakdown of this solid 
solution can hardly be expected. What, however, can 
be assumed is that the diffusion of copper brought 
about by the action of external stresses, is accom- 
panied by the creation of non-uniformity in the alloy- 
ing element distribution in consequence of the form- 
ation of atomic complexes, and that this results in 
a reduction in the diffusion intensity with a conse- 
quent rise in the alloy strength properties. 

It was noted that in the case of aluminium-magnes- 
ium alloys investigated by us previously, there exist- 
ed a certain non-uniformity of the magnesium atoms 
distribution in alloys subjected to loading, and that, 
as a result of it, the elementary process of magnes- 
ium diffusion became more complex in nature, with a 
consequent increase in the solid solution strength 
properties. This solid solution non-uniformity was 
caused by ascending diffusion under the action of 
the internal stress gradients, which are always pres- 
ent in real crystals subjected to external stresses. 

In the case of the nickel-copper alloys, a non- 
uniform distribution of the alloying elements can 
occur already in the stage of normal annealing, and 
its value is found to be at its maximum in the alloys 
containing from 20 to 70 per cent copper. This cir- 
cumstance should favour quite considerably the crea- 
tion of a non-uniform distribution of the alloying 
elements in an alloy subjected to external loading 
during the stage when the diffusion process is in 
progress. The possibility that the formation of atom 
groupings is accompanied by an increase in the 
forces of interatomic attraction is not excluded, 
either. In fact, X-ray investigations showed that de- 
formed nickel-copper alloys show a reduction in the 
dynamic deformation of the crystalline lattice in 
comparison with that in a non-deformed alloy, and 
that there appears a non-uniform distribution of the 
alloying elements [4]. 

Thus, in considering the effect of the alloying 
elements on plastic deformation, it is necessary to 
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take into account two aspects of this process. First 
of all, the diffusion process, on its own of the alloy- 
ing element atoms in the solid solution under the 
action of stresses favours the development of dif- 
fusional plasticity, and secondly, the appearance 
of a non-uniform distribution of the alloying element 
and the formation of atomic groupings can lead to an 
increase in the alloy strength. Both of these factors 
can act simultaneously. The actual contribution of 
each individual factor depends on the deformation 
conditions and on the alloy composition. 


CONCLUSION 


1. Depending on the initial external stresses, the 
relaxation can occur preferentially by either the dis- 
placement or diffusion mechanism. 

2. In the case of the predominent displacement 
mechanism of stress relaxation, the most resistant 
to relaxation are the alloys with high copper con- 
centrations, which are also characterized by a high 
resistance to displacement. 

3. In the case of the diffusion mechanism, the 
extent of stress relaxation in alloys is the greater 
the higher the concentration of the alloying elements. 

4. During diffusion under the action of stresses, 
there appears a non-uniform distribution of the alloy- 
ing element in the volume of the solid solution and 
it is accompanied by an increase in the strength of 
rich-copper alloys (40 to 60 per cent copper contents) 
during the process of stress relaxation. 


Translated by H. Cygielski 
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Editorial Note. ; 
Soon after this article was passed to the printer, 


an article appeared by Koster and Schule (Zs. Metal- 
lkunde, 48, 592, 1957) in which it is reported that 

a change was observed in the properties of an alloy 
of nickel with 55 per cent copper during annealing 
from temperatures below 650°C. The authors of 


T. Stelletskaia, /zv. Akad. Nauk SSSR, ser.fiz., 
20, 723 (1956). 


this report assume that short-range order appears 

in this temperature interval. These data confirm 

our postulate regarding the possibility of an in- 
crease in the alloy strength during the period of 
stress relaxation in consequence of the formation of 


short-range order. 
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THE PROBLEM OF VIBRATION DAMPING IN CYLINDRICAL TEST SPECIMENS * 
V.S. POSTNIKOV 


Kemerov State Pedagogical Institute 
(Received 19 November 1956) 


In the present work a study is made of the problem of vibration damping in a cylindrical test spe- 
cimen from the view point of the phenomenological vibration theory of media possessing plastic 


properties. It is shown that metallic test specimens do not represent a simple elastic-inelastic 
medium, but rather a medium possessing relaxational and elastic after-effect characteristics. It is 


also shown that the damping of specimen vibrations at high temperatures is incapable of being ex- 
plained in terms of the relaxation phenomena alone. 


When considered from the phenomenological point of view, the energy dissipation by a vibrating 
rod can be defined by introducing into its equation of motion, one or several of the elasticity modu- 
li, depending on the rod material properties. At the present time, the most widely known models of 
real media are: elastic-inelastic medium, relaxational medium and the elastic after-effect medium 
[1]. 

We shall consider the vibration of a cylindrical test specimen — the medium of which is deter- 
mined and the length / is much greater than the radius of the rod R — rigidly fixed at the one end 
and carrying a torsion device at the other. Let the moment of inertia / of the torsion device exceed 
many times the value of the moment of inertia /, of the rod itself, so that it can be ignored. We shall 
consider small rod oscillations so that it is possible to ignore the distortion of the cross-sections, 
i.e. so that it can be assumed that the displacement of such cross-sections u, = 0. We shall start from 


a consideration of the elastic-inelastic medium. 


A. TORSIONAL OSCILLATIONS OF AN ELASTIC-INELASTIC ROD 


Let the axis z be arranged along the axis of a homogeneous cylindrical test specimen. Since it 
is assumed that the specimen cross-section is twisted round without bending, the displacement vector 
components will have the following values: . 


Uy =—y- (2, t); Uy =x- 9(z, t); =0, 


where @ (z,t) is the angle of the cross-section twist. The limiting conditions as given in equation 

(1) require some explanation, which is not usually given. It is known [15-18] that when the energy 
dissipation is comparatively high (5 = 0.3 or more), there is no simple correlation between the various 
criteria used for its measurement and, consequently, we cannot assume for certain that the limitations 
in equation (1), will apply even for the case when the oscillation amplitude is sufficiently small. 
Since in the majority of known cases, the dissipation energy, characterized, for instance, by the 
logarithmic decrement, does not exceed the value of 0.3, there should clearly be the possibility of 
error being involved in a comparison of theoretical deductions with experimental data. When u is 
known, it is possible to find the components of the deformation tensor ujz, by means of the equation: 
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since u is small in the region considered. As a result we find that: 


= Uyy = = 0, 


(2) 


x 


In case of an elastic-inelastic medium, the stress tensor can be put [2] in the following form: 


1 4 
Gin Uy + Qp (wie —— Six ty) + (1 —— Bin uu) 


+€- Uy, Sins 


where, K is the modulus of all-sided compression, p is the displacement modulus, & the coefficient 
of bulk elasticity, 7 the coefficient of displacement elasticity. In our case, uy = 0, i.e. the twist is 
not accompanied by a change in volume and therefore: 


Six = 2p Lin + 27 


For the components of stress tensors we find: 


0 
Oxy Oyy = = Ory = 0, =— 
02 © 
Ot oz 


(5) 


0 
Oye = + qx 


On substitution of equations (2) and (5) into the equation of motion: 


we arrive at the following differential equation of the rod torsional oscillations: 


An exactly similar equation was derived by other means by Gerasimov [3] and Kochanov [1]. The ex- 
pression here derived should be given the initial and final limiting conditions. It can be considered 
that the specimen side surfaces are free of the action of external forces. Consequently, at the side 
surface [2| of the rod we should have that: o;, x ng = 0; since the axis z is directed along the axis 
of the specimen, the vector of normal n has only the components nx and ny, so that the above equa- 


tion is reduced to the condition that: 
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Ny + Szy ny = 0, 


which, as it can be easily seen, is satisfied since 


ne x 


ny y 
According to our condition, we should have at the rod end, and for all values of ¢ > 0, that: 


P| 2.9 = 9. 


(9) 


It remains fo us to determine the conditions that should be satisfied at the lower free end of the rod 
(z = 1). After Gerasimov [3], we shall write down the condition as follows: 


(02 


(10) 


where, / is the moment of inertia of the torsion device, R the test specimen radius. Finally, we should 
determine the initial distribution of the twist angles d and of the angular velocity of ¢: 


Plio=P(2), = (11) 


After integration of equation (7) by Bernoulli’s method and on substitution that ¢ (z,t) = X (z) x 
Y (t) we get that: 


X" +S7X =0 (12) 


oY" + +p =0, 
(13) 


where, S? is a parameter, which still remains to be determined. The integral (12), which disappears 
when z = 0, is 


X =sinS-2z, 
and the expression (13) gives, after general integration, the expression: 
Y=c’- eat + 
in which c’ and c” are any constants and q‘ and q” are the roots of the characteristic equation 
bg? + =0. 


Consequently, the partial solution of equation (7) has the following form: 
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, th=(c’- et Wt). sinS- 
t)=(c’- + c’et) - sin - z, an 


and this solution disappears together with its derivative with respect to ¢, for all values of ¢ > 0, 


when z = 0. 

The parameter S? should have such a value that the condition as given by equation (10) is satis- 
fied at the free end of the test rod. On the basis of equation (17), the condition as given in equation 
(10) becomes: 


{! g”? sin coss- l+ Seos + 
” 12 os Rs n 


In order that this condition is complied with for all values of t, it is necessary that q’ and q” should 
satisfy the equation 


(7 sin Sl) ScosSt)q + (» Scos =0. 


On the other hand, g’ and q” are found to correspond to the roots of equation (16). Hence, the coeffi- 
cients of the two last equations should be proportional to each other and this leads to the condition 


that: 


Sa 
CranS/, (18) 


Thus, in order that condition (10) be satisfied, S should take on at the end of the test rod only such 
values: S,,S,..., Sm, which serve as the roots of the transcendental equation (18). These values re- 
present the real solutions of the problem here considered. Without destroying the general nature of 
the considerations here made, it can be assumed that they are positive and they can be numbered in 
the ascending order of values. On calculating for each Sm, the corresponding value of gm and q*, we 
can see that: 


t) =(ci,e%m! +c” e%m! )- sin 


represents the solution of equation (7) for any values of the constants c’, and cm and for all values 
of m= 0, 1, 2..., this equation satisfying the condition applying to the test rod ends and given by 
equations (7), (9), and (10). Because the equations (7) and (10) are linear, the summation: 


o(z, f= + ) sin Smz 


m=—0 


will also be a solution of equation (7) for any values of the constants cm and cm, provided that the 
conditions as given in equations (9) and (10) are satisfied. It can be shown [3] that the solution (19) 
is the only one. 

Let us now choose the values of cy and cm in such a way that the initial conditions according 
to equation (11) are also satified. In our case, they are in the following form: 
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a = 
® (z) = p(z)=0, (20) 


where, a is the amplitude of the light spot oscillation on the scale at a distance of L cm, and / the 
length of the test specimen. 
Let us assume that: 


(z) = > Am Sit SmZ and ¥(2)= ®(z) = = Bm sin Sp2. 


m=0 


(21) 


m=0 


In the expansion of ®z and ®*z within the interval from 0 — 1, the coefficients are determined in the 


usual way, namely: 


® (z) sin Sm zdz 
sin? S,2dz 


After differentiating equation (19) with respect to ¢, we find that: 


@ 
n=0 


By substituting ¢ = 0 in equations (19) and (23) we obtain: 


= (ci, sin Snz, 
m=0 


09 


— 


+9" c’)sinSm2. 
ot 4m n) . 


Consequently, in order to satisfy the initial conditions, or in our particular case in order to satisfy 
the conditions given in equation (20), it is sufficient to choose such values of c*%, and cm that the 
following equation is satisfied: 


Cm = Am Im Im = 0. (24) 


Hence, we get that: 
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In our case, we have that: 


” 
(26) 
In order that the oscillations were possible, it is necessary that the following inequality be satisfied: 


S? (27) 


Then, gm and gm can be represented as follows: 


By making use of Euler equation and of the values found for 7‘m, gm, cm and c’, we now arrive at 
a general solution of equation (7): 


¢(z, t)= (cos 8mt + sin Bn) sin 


m=0 


(29) 


Let us now investigate one of the specific solutions, for instance, for an aluminium test specimen 


for which z =l. 
From equation (29), when z = 1, we get that: 


—a 
=(cos + sin Bat) sinSml. 
m / 


It is clear that the value of angle dm (l,t) of the end section reduces exponentially as a function of 
time, and that the logarithmic decrement of oscillation damping is am 7, and the amplitude of the 
oscillations has the value of: 


sin Lcos Spl 


Sm 


l 
28 ml 


An=T1 


where, y = a/2L/ and S,, is-defined by equation (18). 


q,, i, =—am—S$mi, 
in which, 
VOL 
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Without any danger of introducing any essential error (and, in any case, not at the room temp- 
erature !), we can now determine from experimental data the moment of inertia of twisting device by 
making use for this purpose of the expression well known in the theory of elasticity: 


pRe 


After substituting the above value of / into equation (18), we get that: 


c tan y = Dy, 


into which the following symbols were introduced for convenience 


Lv? 


y= Sl, D= 


For aluminium at room temperature we have that p = 2.4 x 10" dynes/cm? [5], 7 = 2.2 x 10** poises 
[5], p = 2.7 g/cm? [4] and v = 0.62 per sec [6]. 
Therefore, 


tan y = (15.376) 1018. y. 


The roots of this transcendental equation are: 


Yo 3.91 - 1074, yy = (mM) = Km (M) + mr, 


where, all kj (m) <4 x 10°‘. Hence, starting with m = 1, it can be assumed as an approximation that 


Ym 
Consequently, 


Sp = 13-10", Sy = 


If S,, is known, we can find A,: 


and the factor 


As it was shown previously, the condition for the existence of an elastic-inelastic oscillation of the 
test specimen is that the inequality (27) is: 
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which for any value of m, with the exception of m = 0, can be put in the form: 


and for m = 0, it becomes: 


7? (3.91)? - 1074 


Let us now consider if this inequality is satisfied, for instance, for an aluminium test specimen. At 
room temperature, we have for aluminium that 7 = 2.2 . 10'* poises p = 2.4. 10%" dynes/cm? and 
p = 2.7 g/cm’. Hence, since for m = 0 


4-2,7-2,4-10" 302 


then, for m = 1,2... 


4-2.7+2,4+ 101! - 30° 1 
2.22 - 3.14% - 108%m? 


for any value of m. 
In consequence of the above, the aluminium test specimens, which was assumed to be elastic- 


inelastic, is, according to the theory, vibration-free at room temperature. However, this conclusion 


is in obvious contradiction with practical data. 
As the temperature is increased, the viscosity coefficient 7 reduces rapidly and there will be 


reached an instant when (at some high temperature) the condition as given by equation (27) is no longer 
satisfied. But even this view is contradicted by experiment since oscillation damping rises rapidly 


with increasing temperature. 
The logarithmic decrement 


4pp 
S? 


decreases instead of increasing with rising temperature. 
Thus there is no experimental confirmation for the assumption that metallic specimens represent 


an elastic-inelastic medium. 


B. OSCILLATIONS OF A RELAXING TEST ROD 


Maxwell [7] was the first to give a mathematical representation of the relaxation phenomenon, by 
making use for this purpose of the linear-differential relationship between the stress o and deformation u. 

Boltzman [8], and later Volterra [9], defined relaxation simultaneously with the after-effect pheno- 
menon by means of the integral relationship: 


t 
u(t) = 0 (t, (t’)dt’, (33) 
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where, f (¢, ¢’} is a certain function referred to as “after-effect function”. 
The after-effect phenomenon was described by Thompson [10] by means of the differential equa- 


tion 


o=E 
at 


which, however, does not give a definition of relaxation. 
In 1940, Ilshinskii [11] generalized Maxwell’s and Thompson’ differential relationships by 


correlating the stress o and deformation u by means of the following differential expression: 


o+rs=b u +nobu, (35) 


where, r, n and b are some physical constants. Some time afterwards, similar generalizations were 
made by Kochanov [1]. Finally, in 1949, Finkelshtein and Fastov[12, 13] considered the same problem 
from the general thermodynamic point of view. They derived a relationship between the stress tensor 
0; and the deformation tensor uj, (this relationship takes an account of relaxation and of the prior 
history of the test specimen) for a homogeneous isotropic body: 


t t—t? 


Six = Ku,bix + 2p. (st 37 fe Uy (t’) 6;,at’ + 
2 


In case of pure displacement, we have that u, = 0 and therefore: 


t 


Gig == + 24/7 wix(t’) de’ 


As we have seen above, 


uy=—y (2,2), Uy=xe(z, 0), uz =0, 


= Uyy = Uz2 — Uxy = 0, = 2 as 


Therefore, the components of stress tensors are: 
Ory = Syy = 022 = = 0, 


Oz 


- 
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On substituting, for instance, u, and o,, into equation (6), we obtain an equation for the motion of 
the relaxing test rod in the form of an integral-differential relationship: 


t 
; 
di’ ip» —p— 0. 


It is more convenient, however, for (comparison with the results obtained by other workers) to deal 
with a purely differential equation of motion of the relaxing test rod. An equation of this type can be 
obtained as follows. Let us, for instance, differentiate o,, with respect to time: 


Let equation (38) for o,, be divided by r: 


t 


Syz Bx O¢ * 
Ot dz aad 


By solving the equation thus obtained with respect to the integral part and on substituting it in equa- 
tion (40) we get that: 


x7, \ ux ds 


After differentiating the above equation with respect to z, we get: 


Since on the basis of equation of motion (6) we have that 


dz or? 


the last expression takes the following form: 


ay 
(b+ at on (41) 


The third order differential equation thus derived defines the test specimen oscillations in the pres- 


ence of relaxation and after-effect. 
It should be emphasised that Kochanov [1] derived an equation for a relaxing rod (but without 


taking into account the after-effect) in the following form: 


t 
dt Oz ot Otdz = 
— 00 6 
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If it is assumed that, according to [2], r equals 7/p (ina general case 7/p # r) then it is possible 
to re-write equation (41) in the following form: 


(43) 


As it is clear from a comparison of equations (42) and (43), a consideration of the after-effect 
leads to the appearance of an additional term 


(p 


in the differential equation of the test specimen oscillations. 

It is necessary to stipulate the final and initial conditions for equation (41). It is obvious that 
no external forces are acting on the specimen side surfaces. Furthermore, since we are concerned 
with a test rod whose one end is fixed, we should also have that 


=9 (44) 


for all values of t > 0. What remains now to be determined, are the conditions that should be satisfied 
at the specimen’s lower free end, z =/. If this problem is considered, we arrive at the appearance of 


an additional term in the equation: 


zeal 


We shall assume the following initial distribution of the twist angles ¢, of the angular velocity 
and of the angular acceleration 


= 7%, Plo =0, =0. 


Equation (41) will now be integrated according to Bernoulli’s method, by stipulating that: 


e(z, (0). 


If this is done, the equation becomes: 


pe OF _ oye 


(ur +9) + YX" 


X*: X= (rp p¥%: ¥'+ 
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and since both sides are some functions of the variables z and t, which are independent of one 
another, then each of them represents a constant factor. In case of a finite test rod, it can be de- 
noted by S?. Then, two ordinary equations are obtained from equation (47): 


X" +S8X =0 (48) 


+ pY” + (pt + 1) S*Y’ + =0. 


The integral of equation (48), disappearing when z = 0, is: 
X = sin Sz, 
and the general form of the integra] of equation (49) is: 


where, c’, c” and c™ are any constants and q’, g” and q™ are the roots of the equation 
+ pg? + (uz + 7) + pS?=0. 
Consequently, a specific solution of equation (43) is: 
(z, t) =[c’e’ 4. sin Sz (53) 


and it disappears together with its derivatives with respect to ¢ for all values of ¢ > 0, when z = 0. 
An exactly identical result is obtained by a direct solution of equation (39). 
The parameter S should assume such a value that the condition as given by equation (45) is 
satisfied at the free end of the test rod. By reasoning in a way analogous to that adopted previously, 
we find this condition as: 


(54) 


which corresponds exactly to equation (18) derived for the parameter S in the case of an elastic- 
inelastic rod. 
Consequently, the general solution of equation (43) can be put in the form of: 


(2, t) =D (che%m + + ) sin Sz. (55) 


m=(0 


Let us now choose such values for c’m, c’‘m and c™,, that also the initial conditions (46) are satisfied. 
By representing the initial conditions in the form of series according to sin S,z, we arrive at equations 
which should be satisfied by c’m and cm: 
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Chin 
im + om + om = Am | 
Gm Cm + Ym Cm Gm Cm = 0 
Gn + 9mem ax 


From Kramer’s formulae, we get that: 


D’ D’ mn D” 
Cn = —, Cm => , Cn = 


D D D 


where, D is the determinant of the system (56) and we obtain that: 


Am —%m 4m) 
(am qm) (9m 9m) (am Im) 


@2 me 
A 


m( 

OL. = - 

6 — 4m) (gm—%m) 

)( 


Just as previously, A, is defined in this case by the equation (30) or (32). 

In our particular case, all the coefficients of equation (52) are positive and, hence, there can be 
no positive roots. Only two cases are possible: two roots with complex conjugation (with the essential 
part negative) and a third real and negative root; three real and negative roots. This latter case is of 
no interest to us. 

By making use of Cardan’s formula we get: 


In = 


Gp?) — ae t 
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is denoted for shortness by a,,, and 
(U,, Vm) 


by 3,,, the solution of equation (41) assumes the following form: 


is always (and especially at high temperatures) greater than vol 


and therefore the first term in equation (60) disappears at a rate that is much more rapid than that of 
the second term. Within a short time interval, the change in the angle @ (z,t) can be assumed to occur 
according to the following law: 


i.e. it represents an infinite summation of harmonic oscillations damping as a function of time. 
The logarithmic decrement of the damping of these oscillations is 


where, 


(63) 


represents the oscillation frequency of the harmonics. 
The actual value of the logarithmic decrement Sm obtained above will depend on the value of the 


m 
m= 0 + 
+ | cos pat + singe fe 
+ on +f 
Since 
2a 
1 m 
2 2 
m=0 92m, + Bi 
a2 (61) 
aan] 
+ 
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process relaxation time, on the parameter S,, and on values of the constants 7, pz and p. For instance, 
an analysis of the logarithmic decrement 5, for pure aluminium leads to the following conclusions in 
the case of grain boundary shift. 

1. The value of the logarithmic decrement 6, (for the basic tone) increases with increasing temp- 
erature from a minimum of about 10-* (at 25°C) to a maximum of about 900 . 10-! (at the temperature 
of 285°C) and then drops rapidly to zero (at 294°C). The value of all the other harmonics also increases 
with increasing temperature. The value of 5, as obtained in investigations [5,6] for aluminium at the 
temperature of 285°C, is of the order of 1800 x 10~. 

2. The damping of individual harmonics is not identical: The higher harmonics are damped at a 
slower rate than the lower ones. However, this circumstance has no real significance since the energy 
dissipated on account of harmonics represents only a fraction of one per cent of all the energy dissi- 
pated by the rod vibration. In fact, the oscillation amplitude of the first harmonic is about 10* times 
smaller than the amplitude of the basic tone; amplitudes of the still higher harmonics are even smal- 
ler. 

Thus, the assumption that metallic test specimens represent a relaxational medium is to some 
extent verified by experiment. However, as we have pointed out before, there is no satisfactory quanti- 
tative agreement with experimental data, especially at low and high temperatures. This is also under- 
standable to a certain extent. In fact, we have assumed without any special grounds for such an as- 
sumption) that a displacement along the grain boundaries has, corresponding to it, single relaxation 
time, and we also ignored other relaxational phenomena (considered in works [6 and 14]), which un- 
guestionably occur under practical conditions. Nevertheless, even if all the different relaxation 
phenomena are taken into account (apart from the migration of atoms in stress regions [6, 14]) together 
with the presence of relaxation times spectra in the case of displacement along the grain boundaries, 
it is still impossible to explain the rapid increase in internal friction at high temperatures. 

A first attempt at explaining the rapid rise in the internal friction at high temperatures was made 
in work [6]. A more detailed study of this problem will be made at a later date. 


Translated by H. Cygielski 
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In the case of static pressing of a ball into the 
metal under test, there exists the following relation- 
ship between the force of pressing P and the dia- 
meter d of the ball imprint: P = ad”, where, a andn 
are constants of the metal; a depends on the ball 
diameter and n is independent of it. The constant n 
for metals varies from 2 to 2.5. 

It follows from investigations carried out by 
Schneider [1], Klass [2], and Edvards and Willis[3], 
that the exponential law derived for the static ball 
indentation holds also for the ball indentation by 
impact. The numerical value of the exponent n was 
found to be considerably lower for the impact indent- 
ation than for the static one and, for all ferrous 
metals, its value is two. 

Shevandin [4], found in his investigations of the 
effect of temperature on the index n, that its value 
remains almost constant for steel and copper as the 
temperature is reduced from 100 to — 196°C. On the 
basis of this result, the author concluded that no 
reduction in the value of n should be expected to 
occur also in the case of impact indentation because 
a reduction in temperature has, usually, an effect 
on the properties of steel acting in the same sense 
as an increase in speed. 

In our opinion, the experimental results obtained 
by Klass, Edvard and Willis and Shevandin, are in- 
accurate because all the above workers ignored the 
elastic energy and the recoil of “drop hammer”. 

In determining the static hardness of steel by 
dynamic methods, there are involved a large number 
of errors in spite of a strict observance of the re- 
quirements with regard to constant experimental 
conditions. Obviously, the main cause of such errors 
lies in the fact that steels with different carbon 
contents show different degrees of relative resist- 
ance to an increase in plastic deformation under 
impact loading. 

The purpose of the present investigations was to 
determine the impact hardness of carbon steels under 
various conditions, to determine the constants a 


* Fiz. metal. metalloved., 6, No. 3, 534-539, 1958. 


and rn and to establish the effect of the carbon in 
steel on its dynamic coefficient. 


EXPERIMENTAL RESULTS AND THEIR 
EVALUATION 


The present investigations were done on carbon 
steels of six grades, obtained in the form of anneal- 
ed rods circular in cross-section. The carbon con- 
tents of the steels was as follows: 0.17, 0.22, 

0.47, 0.63, 1.06 and 1.16 per cent. 

The indentations of a ball and of a cone, with a 
top angle of 90°, were obtained by means of a bal- 
listic impact machine; during these tests, a simul- 
taneous measurement was made of the maximum 
impact force and of the energy of plastic deforma- 
tion. 

The measurement of the maximum impact force was 
based on the technique used in Ainbinder’s investi- 
gations [5]. This technique involves the placing, 
between the ball and a plate of tempered steel, of 
a spherical segment facing the plate with its spheri- 
cal surface. During impact, the ball penetrates the 
surface of the metal under test, while the surface 
of the steel plate is elastically deformed by the 
spherical surface of the segment. The radius of the 
spherical surface should be large enough for the 
deformation of the segment, and of the plate, not 
to pass outside the limits of elastic deformation. In 
our tests, the sphere radius was 80 mm. 

The plate, spherical segment and the ball were 
fixed in a common carrier fixed to the drop hammer, 
while the test specimen itself is placed on the bal- 
listic hammer. In Fig. 1 is shown a diagram of the 
carrier fixed to the drop hammer disk: 1 — spherical 
segment; 2 — plate; 3 — ball with a diameter of 
10 mm; 4 — support block; 5 — carrier. 

If the plate is covered with a thin layer of soot 
before impact testing, in consequence of an elastic 
contact between the spherical segment and the 
plate, there will form on the plate surface a clearly 
defined imprint whose diameter can be measured 
without difficulty under a microscope. In Fig. 2 are 
shown two such imprints magnified four times. 

From values of the imprint diameter thus obtained, 


148 
VOL 
6 
195i 


Determination of impact hardness 


FIG. 2. 


a calculation was then made of the maximum impact 
force: 


P =K d* (1) 


where, P is the impact force, d the diameter of 
elastic imprint and K is a coefficient depending of 
the sphere segment radius and on the elasticity con- 


stants of the plate and spherical segment materials. 


The above equation was put forward by Hertz for 
static compression of two materials. However, if 
the velocity of impact is comparatively small, the 
above equation holds also quite well for an impact. 
The coefficient K is determined from static com- 
pression between the plate and spherical segment. 
The energy of plastic deformation was found from 
the difference between the potential energy posses- 
sed by the drop hammer before impact and the ener- 
gies corresponding to the rebounds of the drop and 
ballistic hammers. It was established by means of 
special tests that a certain proportion of energy is 
used up by elastic deformation of the various. ham- 
mer elements and that this part of it is dissipated. 
The tests involved a calculation of the energy 
balance for a known value of elastic impact. For 


Maximum impact 
3 force, P 


FIG. 3. 


this purpose, the spherical segment described 
above was attached to the drop hammer, while the 
steel plate was fixed to the ballistic hammer. It 
was found that as a result of an elastic impact, the 
difference between the energy reserve of the drop 
hammer prior to its drop and the energy values, cor- 
responding to the rebounds of the hammers after the 
impact, amounted to a certain value which is pro- 
portional to the impact force and which was deter- 
mined in our tests by measuring the diameter of the 
indentation made by the spherical segment on the 
surface of the soot-coated plate. The above cal- 
culations were made with due allowance taken into 
account for the movement losses and friction. 

In Fig. 3 is shown a relationship between the 
energy required for elastic deformation of the ham- 
mer elements and the maximum impact force. 

By making use of the above relationship, it is 
possible to determine much more accurately the 
energy of plastic deformation during an elastic- 
plastic impact, i.e. during impact indentation of the 
ball into the test metal. 

From the values determined for the maximum im- 
pact force and for the energy of plastic deformation, 
a calculation was then made of the impact hardness 
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TABLE 1. 


Impact hardness Static hardness 


force, kg 
Imprint 
dia. mm. 


Hy | ay | Hx 


Carbon content 
in steel,% 
Energy before 
jimpact kg/mm 


to [Indentation 


~“ 


184 


TABLE 2. 


Impact values Static values 


From force __ From energy 


coefficient 


n n 


2.26+0.02 | 158+11 | 2.34+0.02 
2.24+0.03 | 181415 | 2.35+0.05 
2.29+0.03 | 233415 | 2.12+0.03 
2.28+0.02 | 225+ 15 | 2.54+0.02 
2.3640.02 | 277415 | 2.54+0.03 
2.25+0.02 | 213+13 | 2.47+0.03 


for one and the same indentation mark, using two PPI H 
(4) 
independent methods: n+2 4 


(a) from the maximum impact force 
Therefore, the specific energy of deformation is 


p p often referred to as hardness. The Meyer hardness 

H,= Hy = is equivalent to the specific energy of deformation 
2 when n = 2. In the case of a conical indentation, the 
impact hardness was calculated also from the maxi- 


(5) from the energy of plastic deformation 
mum impact force: 


A 
(3) 
Sip (5) 
wherein, //g is the Brinell impact hardness, Hy the 
Meyer impact hardness, a, the specific energy of de- 
formation, P the maximum impact force, S the sur- 
face of ball imprint, S,, the projection of the ball - 
imprint surface. A is the energy of plastic deforma- 
tion and V the indentation volume. 
Meyer hardness is associated with the specific In order to determine the constants a and n of a 
metal, the impact indentation was carried out at 


energy of plastic deformation by the following rela- 
tionship: five different energy reserves of the drop hammer; 


and from the plastic deformation energy: 


V 


(6) 
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0.17 189+13 | 2.2140.01 | 12743 | 1.24 
0.22 213429 | 2.27+0.01 | 15344 1.18 
0.47 213+18 | 2.2740.02 | 20246 1.15 
0.63 335415 | 2.2540.02| 180411 | 1.25 
1.06 272 + 32 | 2.30+0.02 | 215410] 1.29 
1.16 306422 | 2.21+0,02 | 16247 | 1.31 
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determination of the dynamic coefficient was also 
based on static indentation of the ball at five differ- 
ent degrees of loading. 

Test data obtained for the impact and static hard- 
ness values for one of the steel grades under invest- 
igation, are given in Table 1, from which it can be 
seen that the impact hardness values calculated 
from the plastic deformation energy are, in all cases, 
close to the impact hardness values calculated from 


the impact force. 
For calculation of the a and n constants of the 


test metal from the data given in Table 1, a deriva- 
tion was made for each steel grade of five compara- 
tive equations, of the type 


log P =loga + nlogil 


and of the type 


16a 
log slog — + (n + 2)logd 


for the case of impact indentation of the ball and 
similarly five comparative equations of the type: 


log P =loga + nlogd 


were also constructed for the static ball loading. 

After solving a system of such equations by the 
method of least squares, it was possible to find 
values of the a and n constants for the steel grades 
investigated and also to calculate the probable error 
involved. 

From values of the constant a thus found, a cal- 
culation was then made of the value of 


= 
(n—2)D 


which represents a certain mean value of the resist- 
ance to plastic deformation. 

The dynamic coefficient was determined as a ratio 
of ao, obtained under dynamic conditions of ball in- 
dentation, to the analogous value of a, obtained un- 
der static ball indentation conditions. 

Calculated values of the metal constants a, and 
n and of the dynamic coefficient 7, are shown in 
Table 2. 

A comparison of the values obtained for the cons- 
tant n, as calculated from the values of force used 
in the dynamic and static ball indentation procedures, 
shows that there is hardly any difference between 
them and that no tendency was observed towards a 
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‘reduction in the value of n during impact. Conse- 


quently, Klass’s data [2] are found, in practice, to 
be inaccurate. 

Remembering that according to Shevandin’s data, 
n shows also little variation with a temperature re- 
duction from 100 to — 196°C, it can be concluded 
that, firstly, the effect of impact is identical with 
that exerted by low temperatures and, secondly, 
that clearly there is no complete analogy between 
variations in n and 5, (uniform extension). The ex- 
istence of such an analogy was indicated in Zaitsev’s 
work [6]. It is known that there is a noticeable 
reduction in uniform extension with a reduction in 


temperature [7]. 


7-44, 


12 


Carbon content,% 


FIG. 4. 


Fig. 4 shows variation of the dynamic coefficient 
in function of the carbon content in steel. The curve 
representing this dependence, passes through a 
minimum corresponding to the average carbon content 
in steel. An analogous dependence was postulated 
by Davidenkov, Iurevich, Mirolov and Shevandin [8]. 
However, in commenting on this relationship the 
authors said that: “it represents some kind of an 
additional regularity or, perhaps, only a random phe- 
nomenon and it is difficult to decide for certain which 
of these views is correct, because the number of 
test results available is insufficient”. 

Zlatin and Nikolaenko [9}. showed during their 
study of the effect of deformation speed on the 
hardness of medium-carbon steel, that the dynamic 
coefficient depends to a great extent on the degree 
of equilibrium conditions reached in the steel as a 
result of thermal treatment, on the range of deforma- 
tion velocities and on the test temperature used. 

The authors associate the dependence of the dyn- 
amic coefficient on the degree of equilibrium reached 
after the thermal treatment of steel, with the presence 
of dispersion hardening occurring during the process 
of plastic deformation. And hence they conclude that, 
in the case of technical alloys, the dynamic coef- 
ficient is incapable of an unequivocal representation 
of the dependence of the resistance to deformation 
on the deformation velocity, if this latter varies 
within a wide range of values. Davidenkov and 
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Beliaev [10] showed that an effect, similar to that 
of dispersion hardening, can be exerted on the dy- 
namic coefficient also by the hardening arising due 
to carbide segregation, a theory of which was postu- 
lated by Kishkin. The existence of a dependence of 
the type shown in Fig. 4 indicates that steels with 
different carbon contents can have different tenden- 
cies to a change in the resistance to plastic deform- 
ation under impact. It follows from the above that 
the dependence of the dynamic coefficient on the 
carbon content of steel is one of the main sources 
of errors in the measurement of the static hardness 
of steel by means of the impact-type test equipment. 
It can be seen from the data in Table 2 that the 
values of the dynamic coefficient vary from 1.5 to 
1.31, i.e. a variation amounting to 13 per cent. 

If the calibrated curve, serving for the determina- 
tion of static hardness from the impact test data, 
corresponds to some mean values of the dynamic 
coefficient, the error possible is of the order of 
+ 6.5 per cent. 

Since values of the constant n, as calculated from 
the impact force, have changed only very little in 
comparison with those derived, from static ball in- 
dentation tests, then, as it follows from equation (4), 
the specific energy of deformation should for all 
steels be less by some 5 per cent than the Meyer 
impact hardness. In fact, the two hardness values 
have got approximately equal mean values. This 
shows that the energy of plastic deformation, as de- 
termined by the test method here used, is still some- 
what high. Because of this, the values of constant n 
and a, as found from the energy of plastic deforma- 
tion, are higher than those derived from the impact 
force data. 


CONCLUSIONS 


1. The energy loss of a ballistic hammer during 
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In the present work use is made of a spectral 
analysis method, as put forward by one of the 
authors [1], for determining the type of liquid - 
vapour phase equilibrium diagram of metal alloys in 
the high temperature regions of the coexistence of 
the liquid and vapour phases. The problem is of 
practical interest for improving the methods of spec- 
tral analysis in its application to metallurgy, geolo- 
gy, astronomy and to many other branches of science 
and technology in connexion with “the effect of 
third elements”: the impact phenomenon, selective 
vaporization of the components of an alloy and of 
many other physicochemical systems, etc. 

The above method [1] is based on the relation- 
ship between the effect of selective vaporization of 
the constituents of an alloy and the corresponding 
phase equilibrium diagram. This diagram should 
have a definite effect on the spectrograms obtained 
with electric spark discharges, since the gaseous 
phase differs in its chemical composition from the 
starting solid (e.g. mono-phase) alloy. 

It follows from a consideration of the kinetic 
factors influencing the effect of selective vaporiza- 
tion and the phase composition re-distribution in the 
electrode micro-volume, that in a real case of the 
electric spark discharge, the mechanism of selective 
vaporization of an alloy, for example, a binary 
single-phase solid solution, is as given below. In 
the micro-volume of a single-phase alloy, i.e. the 
electrode, the transition from the solid solution to 
the liquid and gaseous phases under the action of 
the electric spark is governed by the following 
condition: 


(1) 


wherein, x, x” and x” are concentrations of one of 
the alloy constituents in the solid, liquid and 
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vapour (gaseous) phases, respectively. 

In other words, the “melting” in the alloy micro- 
volume should proceed by diffusion-less mechanism 
and the “boiling over” of the liquid solution, with 
the breakdown into the vapour and liquid phases, 
should proceed by the diffusion mechanism with 
some resemblance and a certain correspondence to 
the liquid-vapour phase equilibrium diagram for a 
given alloy. The quantitative spectral method of 
determining the type of the liquid-vapour phase 
equilibrium diagram [1] is based on the splitting 
effect (selective vaporization) mentioned above. 

The calculation of the gaseous (vapour) phase 
composition x” for a binary alloy A-B is carried out 
according to the following formula: 


b b JA 
1 +—10 (2) 
a a 


where, x’R is the concentration of the constituent 

B in the vapour phase; a/b is the ratio of the line 
intensities of the components B and A in the spect- 
rograms of pure metals obtained under identical con- 
ditions; 14, 1p, S4 and Sp are the intensities and 
degrees of blackening of the lines compared, and 
ythe contrast coefficient. 

It pee noted that in equation (2), the usual 
and systematic errors involved in spectral analysis 
are ignored and, in addition, it is also assumed that 
no self-absorption is present. 

On the basis of experimental data and from calcu- 
lations of the values of xg from equation (2), for 
each alloy of the composition xg, it is possible to 
determine the type of the liquid-vapour equilibrium 
diagram. For the majority of cases of metallic binary 
alloys, there are only three possible types of liquid- 
vapour phase diagram: (a) “cigar”; (6) “cigar” with 
a minimum; (c) “cigar with a maximum” (Fig. 1, 
a-c). To each of these three types of diagrams there 
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FIG. 1. Type of curves x” = f (x) in function of the type of the liquid-vapour 
equilibrium diagram: 
(a) x” = f (x) for “cigars”; (b) x” =f (x) for “cigar with a minimum”, 
(c) x” =f (x) for “cigar with a maximum”. 


TABLE 1. Conditions of test specimens sparking 


Sparking condition 


Potential in primary circuit 
(volts), 


Current strength in primary circuit 
(amps) 


Capacity (uF) 


Sparking distance (mm) 


Exposure time (sec) 


corresponds a definite type of the curve x” = f (x): 
(a) to the cigar there corresponds the curve in 
Fig. 1. a’, lying above the straight line x”; = x, at 
T gk > Tax, where Tp and T, are the boiling point 

temperatures of the pure components A and B; 

(b) to the cigar with a minimum corresponds the 
curve in Fig. 1 6’, and 

(c) to the cigar with a maximum, corresponds the 
curve in Fig. lc’. 

In Fig. 1 ac’, the straight line x”; = x, for which 
the derivative 


” 
Ox; 


Ox 


is equal to unity for any composition,x, corresponds 
to the ideal case when the effect of selective 


vaporization is absent. In Fig. 1b’ and 1c’, the 
points x, of intersection of the curve x” = f (x) 

with the straight line x*; = x, correspond to the 
extreme points of equal concentrations in the liquid- 
vapour phase equilibrium diagrams. In Fig. 1b’, at 
the point xo the derivative 


Ox” 
<i, 


and in Fig. 1c’ its value is 


Ox" 


The more the real liquid-vapour system in the 
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TABLE 2. 


No. of pair 1 


Cu Il (A) 


Ni Jl (A) 


2684.41 | 9703.79 


2689.30 | 2703.18 


2708.79 


1.358 1.905 


10808 Cu 


FIG. 2. (a) — experimental curve x” =f (x) for the Cu-Ni 
system; 
(b) — phase equilibrium diagram for the Cu-Ni 


system: 
1 — solid-liquid phase equilibrium diagram; 
2 — liquid-vapour phase equilibrium diagram. 


alloy micro-volume, i.e. in the electrode, approaches 
at the corresponding instant of “boiling over” to the 
state of real equilibrium, the nearer to zero for the 
case of “cigar with a minimum”, is the value of the 
derivative dx ”/ dx at the point x of inflection of the 
curve x” = f (x) and of its intersection with the 
straight line x*; = x, and the closer it is to infinity 
for the case of the “cigar with a maximum”. The ex- 
perimentally determined value of (Ax) = (x’— x”}, 
corresponding to the concentration interval of the B 
component in the liquid-vapour binary system at the 
“boiling over” temperature of an alloy of a given 
composition x, depends not only on the nature of a 
given binary system but also on the degree of its 
approximation to real thermodynamic equilibrium. 


-24-08 

Z 
M 


+, 


FIG. 3. Dependence between log /¢,/INj and log 
Coy/CNi : 
(1 — pair of 2689.30 Cu II — 2684.41 Ni II 


2 — pair of 2703.18 Cu II — 2708.79 Ni Il 
3 — pair of 2713.51 Cu Il — 2708.79 Ni II. 


For our investigations we have chosen the system 
of binary Cu-Ni alloys with unlimited mutual solu- 
bility of the constituents in the solid and liquid 
states [2]. 

The Cu-Ni alloys were prepared from chemically 
pure copper and nickel powders by mixing, pressing 
under the pressure of ~ 10 ton/cm? and subsequent 
sintering for 1 hr at the temperature of 950°C in an 
atmosphere of hydrogen. Powdered copper was ob- 
tained by electrolysis and the nickel powder was 
obtained by ignition of nickel oxalate in a muffle 
furnace at the temperature of 540°C and by reduction 
of the oxide thus obtained for a period of 30 min at 
the temperature of 600°C in an atmosphere of hydro- 
gen. All the test specimens of the Cu-Ni alloys 
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and of the pure constituents were from the same 
batch of copper and nickel powders and were sinter- 
ed simultaneously in the same furnace. The top and 
bottom electrodes were made from the same mixture 
of the copper and nickel powders having the follow- 
ing composition: x = 0; 5; 10; 20; 25; 30; 35; 40; 50; 
60; 70; 80; 90 and 100 per cent. The deviations in 
chemical composition and the total impurity contents 
in the test specimens did not exceed ~ 0.2 per cent. 
The shape of electrodes was as follows: the lower 
electrode was in the form of a cylinder, 16 mm in 
diameter and 6 mm in height and the upper one was 
in the form of a cylinder 5 mm in diameter and 15mm 


in height; each electrode was ground to a hemisphere. 


The porosity of test specimens was 1] + 3 per cent. 

The spectra were obtained using the IG-2 type 
spark generator. The conditions of sparking of the 
test specimens are given in Table 1 (no preliminary 
sparking was used for the electrode test specimens). 

The spectra were photographed in ISP-22 spectro- 
graph using spectral photographic plates type 1, 
sensitivity of 0.5 units as laid down in GOST stan- 
dard). Hach plate contained not less than 36 spec- 
trograms. The spectrum of each specimen was photo- 
graphed twelve times (with three repetitions of each 
plate). All the spectrograms were measured photo- 
metrically using the MF-2 microphotometer. A char- 
acteristic curve was obtained for each plate and due 
allowance was made for the effect of background 
dyring the measurement of the intensity of spectral 
lines. 

Three pairs of Cu II and Ni II spark lines were 
chosen as comparison lines, corresponding to homo- 
logous conditions and well identifiable at minimum 
concentrations of the alloy constituents (Table 2). 

An evaluation of the experimental data was car- 
ried out using equation (2). 

The results of calculations based on equation (2) 
are shown in Fig. 2a, constructed, using the x” 
and x co-ordinates. We wish to emphasize that the 
curves x” = f (x) show a good agreement between 
them for all the three pairs of comparison lines with 
essentially different b/a values (see Table 2). The 
differences found for the four sparking techniques 
used were only insignificant (Table 1) and their 
value did not fall outside the limits of the mean 
square error of the measurements of the factor AS= 
Sni — Cu (the error does not exceed + 0.015). 

In Fig. 3 are shown curves in the co-ordinates of 
log /cy/Inj and log xc y/xnj for the three pairs of 
spark comparison lines mentioned above. The graphs 
are found to be in the form of straight lines with 
slope approaching closely the value of unity, which 
points to the absence of any relevant self-absorption 


effect capable of an essential falsification of the 
actual picture of the selective vaporization process 
of the alloy constituents, used in our further consi- 
derations for the construction of the “vapour-liquid” 
phase diagrams. 

In Fig. 2 is shown an auxiliary straight line curve 
x” = x (with the slope equal to one), corresponding 
to the ideal (the absence of selective vaporization 
of the Cu-Ni alloy constituents). It is clear from 
Fig. 2 that in the concentration region of 0 to 40 
per cent Cu, the experimental curve x “= f(x) lies above 
the straight line x”; = x. In the region of copper. 
concentrations from 40 to 100 per cent, however, the 
experimental points x” coincide practically with the 
straight line x”; = x; but there still is a tendency 
to a certain lowering of the curve x” = f (x) with 
respect to the curve x”; = x. In addition, in the 
region of the starting concentration of the alloy when 
the copper contents about 40 per cent, an inflec- 
tion point appears on the curve x” = f (x), at which 
the tangent of the slope angle a passes through a 
minimum (tan a < 1). 

On the basis of the experimental data here reported 
we can conclude that the vapour-liguid diagram for 
the Cu-Ni alloys is in the form of a “cigar with a 
minimum”. In the copper concentration interval of 
from 0 to 40 per cent, there exists a quite clearly 
visible region of separation into two phases (gase- 
ous and liquid solutions of different composition). 
In the copper concentration interval from 40 — 100 
per cent, the above separation region becomes so 
narrow that the cigar shape passes almost into a 
straight line. In Fig. 2b, in addition to the known 
Cu-Ni phase equilibrium diagram in the region of 
existence of the solid and liquid phases [2] there is 
also shown by dotted lines, the approximate type of 
the liquid-vapour phase diagram as derived on the 
basis of the experimental data here reported. 

However, it is necessary to point out that the 
liquid-vapour phase equilibrium diagram here given 
is not claimed in any way to represent a quantitative 
picture. The position of the point of equal concent- 
rations, as well as the two regions of separation of 
the “cigar with a minimum” figure obtained, give a 
schematical representation only. In particular, since 
during spark discharges it was impossible to achieve 
a full thermodynamic equilibrium between the gase- 
ous and liquid phases with the diffusion mechanism 
of the “boiling over” process, i.e. since it was im- 
possible to achieve a selective and non-uniform 
evaporation of the Cu-Ni alloy constituents, it may 
be found in actual fact that the width of the phase 
separation intervals can be much greater than that 
shown in Fig. 2b. However, with the help of the 
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spectral analysis it is possible to detect the tend- grams in the high temperature region of coexistence 
ency to this type of phase equilibrium, which made between the vapour and liquid phases. 


it possible to determine, even though only qualita- 
tively, the type of the Cu-Ni phase equilibrium dia- Translated by H. Cygielski 
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EFFECT OF ELASTIC STRESSES ON THE MAGNETIC STRUCTURE OF 
SILICON-IRON CRYSTALS ** 
Ya. S. SHUR and V.A. ZAIKOVA 
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Uni-directional elastic stresses can change the character of magnetic anisotropy of a ferromagnetic 
crystal which in its turn can lead to changes of its magnetic structure. The reorganization of the mag- 
netic structure is usually detected by changes in various properties of the ferromagnetic, especially in 
its magnetic characteristics [1]. However, this does not permit us to establish the route by which the re- 
organization proceeds. The understanding of processes of technical magnetization requires detailed in- 
formation about the mechanism of magnetic structure reorganization under the influence of various 
factors including the elastic stresses. The changes in the magnetic structure of a ferromagnet can be 
successfully followed today with the help of the powder figure technique. Unfortunately, this method 
has been little used up to now. One can only mention the work of Williams, Bozorth and Shockley [2] 
who have shown in passing that the magnetic structure of a ferromagnetic crystal changes under tension, 
and also the work of Dykstra and Martius [3] who studied one particular case of changes in the appear- 
ance of powder figures when tension was applied to crystals of silicon-iron. 

The object of the present work was to establish general relationships governing the changes in the 
magnetic structure of silicon-iron crystals subjected to elastic stresses. 

The changes in magnetic structure caused by elastic stresses in crystals of silicon-iron were 
studied — by the method of powder figures — in relation to the magnitude of stresses, the character of 
the initial magnetic structure and orientation of stresses along crystallographic directions in the crystal. 


SPECIMENS AND METHOD OF OBSERVATION 


Coarse grained polycrystalline specimens of 
silicon-iron (3.5 per cent Si) were studied. Dimens- 
ions of individual crystals varied between 0.5 and 
5.0 mm. The specimens were in the shape of strips 
30 mm long, 4 mm wide and 0.1 to 0.2 mm thick. The 
crystallites studied had varying crystallographic 
orientation of surface. The surface preparation 
(mechanical and electrolytic polishing) and also the 
preparation of the magnetic suspension was carried 
out as described earlier [4]. The powder figures 
were observed with the help of a MP-5 microscope. 
A special apparatus shown in Fig. 1 was used for 
extension of specimens. The specimen 1 was clamp- 
ed between the jaws 2 of a spring dynamometer 
attached to the microscope stand. The specimen was 
extended by turning with the electric motor 3 a 
screw 4 which compressed the dynamometer spring 5. 
This device permitted loading and unloading of 
specimens in a smooth fashion. The magnitude of 
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load was determined by the deviation of the dynamo- 
meter pointer 6. In all experiments the loads applied 
did not cause plastic deformation of the specimen. 
The powder figures were photographed by a narrow- 
film camera 7 with a mirror viewfinder “Zenit” placed 
on the tube of the microscope. The observation and 
photographing of the powder figures was carried out 
at a magnification of 180-300 X. 


RESULTS OF OBSERVATIONS 


Let us introduce the following notation for cubic 
crystal axis (directions of easy magnetization). The 
nearest one to the specimen surface we denote by 
[100], the one further away by [010] and the furthest 
one by [001]. 

As shown earlier [5], two types of magnetic 
structure — type A and type B — can be differentiat- 
ed in crystals of silicon-iron. With the A type struc- 
ture, principal domains are visible on the surface of 
the specimen, the magnetization vectors of which 
(,) are directed along the direction [100] and paral- 
lel to the boundary between these principal domains. 
If the surface of the specimen is close to the plane 
(100) then at the ends of the principal domains trian- 
gular domains appear (Landau and Livshits structure) 
which close the magnetic flux of the principal 
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FIG. 1. Apparatus for observation of power figures on specimens 
subjected to tension 


domains. If the surface of the crystallite is close 

to the surface (110) then then on its boundary dagger- 
like domains appear in order to lower the magnetos- 
tatic energy. 

In the case of structure B the principal domains 
do not appear on the crystal surface. The magnetiza- 
tion vectors are directed along direction [010] or 
[001]. The whole surface of the crystal is covered by 
domains which close the magnetic flux of the princi- 
pal domains. The magnetization vector of these 
closure domains is parallel to the direction [100] 
and perpendicular to boundaries between them. If 
none of the directions of easy magnetization coin- 
cides with the crystal surface then together with the 
A and B structure additional domains appear of vari- 
ous types (drops, combs, etc.). In the B type struc- 
ture these additional domains align themselves in 
the form of regular rows parallel to the boundaries 
between the closing domains on the surface. It was 
found that in some crystals not subjected to extern- 
al stresses both types of magnetic structure can 
exist. The appearance of one or the other magnetic 
structure is connected with the presence of residual 
stresses which can be different in different parts of 
the crystal. The results of observations of changes 
in power figures on crystal surfaces of various sur- 
face orientation and initial magnetic structure under 
the action of elastic tensile stresses are given in 
Figs. 2-9. The orientation of the magnetization vect- 
or in various domains is indicated by arrows on all 
the photographs. 

Initial magnetic structure of type A. Fig. 2 shows 
photographs of powder figures taken from a specimen the 
surface of which almost coincides with the plane 
(011). Initially, (Fig. 2a) four principal domains ap- 
pear on the crystal surface (type A structure). Apart 


from this, two large defects appear (holes) near 
which a number of sub-domains are visible [4] and 
em supplementary domains in the form of “drops 
5]. 

The orientation of magnetization in the domains 
is indicgted by arrows. After subjecting to tensile 
stresses parallel to the magnetization vectors of the 
principal domains changes in the powder figures 
occur. Under the action of small loads the boundaries 
between the main domains are displaced and a cert- 
ain decrease in the volume of the supplementary 
domains takes place (Fig. 2b). When the load 11.3 
kg/mm? is reached the supplementary drop-like 
domains disappear completely and a further displace- 
ment of the boundaries between the principal domains 
takes place (Fig. 2c). The form of sub-domains 
changes little under the action of stresses. Only in 
the case when the boundary intersects a defect the 
sub-domains disappear independently of the magni- 
tude of load (Fig. 2b). No reversible changes of the 
magnetic structure occur on lowering the load. After 
lowering the tension to 1.1 kg/mm? (Fig. 2d) the 
volume of the supplementary domains is much smal- 
ler than their volume when the same tension was 
first applied (Fig. 2b). The boundaries between the 
domains do not return to their previous positions 
after the removal of the load as it can be seen by 
comparing the Figs. 2b and d. 

Fig. 3 shows photographs of powder figures obtain- 
ed with specimens the surface of which is close to 
the (001) plane. In the initial state (Fig. 3a) the 
principal domains are shown with antiparallel orient- 
ation of the magnetization vector and are closed with 
the help of the additional triangular domains. Under 
comparatively low tension (8.6 kg/mm?) in the direct- 
ion parallel to the magnetization vector of the 
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FIG. 2. Change of the powder figures on the crystal 
surface close to the (011) plane under the action of 
elastic tensile stresses: 

a— 0 kg/mm’; 

b— 1.1 kg/mm’; 

c — 11.3 kg/mm’; 

d— 1.1 kg/mni. 


principal domains a displacement of the boundaries 
is observed and the dimensions of the triangular 
domains decrease somewhat (Fig. 3b). Further in- 
crease of the tensile stress (21.4 kg/mm?) leads to 
the increase in the number of boundaries between 
the principal domains (splitting up of domains) and 
to the decrease in the volume of the supplementary 
closure domains (Fig. 3c). The removal of load again 
does not lead to reversible changes of the magnetic 
structure. This can be seen by comparing the photo- 
graphs in Fig. 3b and d taken at the same load 

(8.6 kg/mm?) where the Fig. 3d was taken during the 
removal of stress. Dimensions of the principal and 
supplementary domains are much smaller in Fig. 3d 


FIG. 3. The same as Fig. 2 on the 
crystal surface close to 
the (001) plane: 
a— Okg/mm’; 
b— 8.6 kg/mm’; 
c — 21.4 kg/mm’; 
d— 8.6kg/mm’. 


than in Fig. 3b. They do not return to the initial 
dimensions even after the complete removal of 
stresses. 

Fig. 4 shows photographs obtained with specimens 
the surface of which is close to the (011) plane. In 
the initial state three principal domains are discern- 
ible as well as some drop-like domains (A type 
structure). The tensile stress was applied parallel 
to the direction of /; of the principal domains. At 
low loads (0.8 to 1.6 kg/mm?) shortening of the sup- 
plementary domains is observed. Further increase of 
load (4 kg/mm?) leads to a shift of the boundaries of 
the principal domains and to a disappearance of 
parts of the supplementary domains (Fig. 4b). Under 
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FIG. 4. The same as Fig. 2 on the crystal surface close 
to the (011) plane: 
ce — 12.3 kg/mm’; 
d— 4kg/mm’. 


the load of 12.3 kg/mm? the supplementary domains 
disappear completely (Fig. 4c). Fig. 4d shows 
powder figures obtained after lowering the load to 
4 kg/mm?. The comparison of Fig. 4b and 4d shows 
that in this ise as well as in the previous ones the 
application of stresses results in irreversible 
changes in the magnetic structure of crystallites. 
Fig. 5 represents photographs of powder figures 
obtained on the surface of two crystals of almost 
identical crystallographic orientation. The surface 
of crystallites is close to the plane (011). The sur- 
face of the right crystal is somewhat further from the 


FIG. 5. The same as Fig. 2 on the crystal surface close 
to the (011) plane: 
a— Okg/mm’?; 
b — 7.9 kg/mm?; 
— 26 kg/mm’; 
d — 7.9kg/mm?; e — 0 kg/mm’. 


plane (011) which causes the appearance of supple- 
mentary domains in the form of “drops”. In the initial 
state five principal domains are visible as well as 
some supplementary ones (type A structure), with one 
boundary between the main domains passing through 
the crystallite boundary without a break (Fig. 5a). 
The specimens were subjected to tensile stresses 
perpendicular to the vector of magnetization of the 
principal domains. At low loads (1.3 kg/mm?) the 
boundaries between the principal domains and the 
supplementary domains disappear. Greater loads 

(7.9 kg/mm?) cause the appearance of powder figures 
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FIG. 6. The same as Fig. 2 on the crystal surface close 
to the (011) plane: 
a— Okg/mm’; 
b — 0.4 kg/mm’; 
c — 1.9 kg/mm’; 
d — 7.1 kg/mm’. 


(Fig. 5b) in the form of stripes arranged parallel to 
the direction of tension. In these domains the magne- 


tization vectors are perpendicular to the boundaries 
(type B structure). Further increase of load (26 kg/ 
mm?) is accompanied by an increase in the number 
of stripes (Fig. 5c). Such a reorganization of magne- 
tic structure was already described earlier by 
Dykstra and Martius [3]. The disposition of powder 
on the boundary between the crystals which was 
clearly defined in the initial state of the specimen 
becomes weaker as the load is increased and disap- 
pears altogether at first near the newly formed. 
boundaries (Fig. 5b); at higher loads the intercrys- 
tallite boundary is not at all visible (Fig. 5c). Fig. 
5c shows how the process of splitting-up domains 
takes place (lower left corner of the photograph). 

On reducing the load from 26 to 7.9 kg/mm? (Fig. 
5d) the appearance of the powder figures remains 
the same. Further removal of load leads to the broad- 
ening of B domains. At very small loads the power 
figures disappear. Total removal of load results in 
the return of the specimen to the initial type of mag- 
netic structure (Fig. 5e). Comparison of the powder 
figures obtained at the same load (Fig. 5b and 5d) 
shows that the elongation of the specimen results in 
irreversible changes of its magnetic structure. 


FIG. 7. The same as Fig. 2 on the crystal surface close 
to the (011) plane: 
a— 0 kg/mm’; 
b — 19 kg/mm’. 


The powder figures shown in Fig. 6 were obtained 
on the specimen surface close to the plane (011). 
However, in this case there was an appreciable de- 
viation of the [100] direction from the specimen sur- 
face. Because of that drop-like supplementary 
domains appear on the crystal surface together with 
the principal ones (type A structure) (Fig. 6a). On 
subjecting the specimen to tension in the direction 
perpendicular to the orientation of magnetization 
vectors of the principal domains even small loads 
(0.4 kg/mm?) cause marked changes of the magnetic 
structure (Fig. 6b). The boundaries between the 
principal domains disappear and dimensions of the 
supplementary domains decrease. An increase in 
load (1.9 kg/mm?) leads to the change in the magne- 
tic structure. Type B structure appears with drop- 
like supplementary domains (Fig. 6c) in place of the 
A structure (boundaries between the surface domains 
are marked by dotted lines). Further increase in load 
(7.1 kg/mm?) causes disappearance of the supple- 
mentary domains (“drops”) and increases the number 
of boundaries between the surface domains (Fig. 64d). 
After the removal of load the specimen returns to the 
original magnetic structure of type A with supple- 


mentary drop-like domains. 
Initial magnetic structure of B type. Fig. 7 shows 
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FIG. 8. The same as Fig. 2 on the crystal surface close to the (011) plane: 
a— Okg/mn’; 
b — 0.6 kg/mm’; 
ce — 0.9 kg/mm’; 
d — 3.4 kg/mm’; 
e — 7.8 kg/mm’; 
f — 0.1 kg/mm’. 


photographs of powder figures taken on a crystal the 
surface of which coincides with the (011) plane. 
Winding boundaries between the domains are visible 
on the specimen surface (Fig. 7a). The vectors of 
magnetization in the surface domains are directed 
perpendicularly to the domain boundaries (structure 
B). The character of powder figures changes when 
the crystal is subjected to tension in the direction 
parallel to the magnetization vectors in the surface 
domains. 

At low loads the powder figures disappear, but a 
further increase of load leads to the appearance of 
domain boundaries parallel to the direction of tens- 
ion (Fig. 7b). The character of powder figures shows 
that structure A appears. Greater loads increase the 
number of boundaries. 

Fig. 8 shows figures obtained on a crystal the 
surface of which is close to the (011) plane. In the 
initial state (Fig. 8a) drop-like supplementary 
domains are visibly arranged in the form of regular 
rows (B type magnetic structure). The boundaries 
between the surface domains are shown by dotted 
lines. When subjected to tension (0.6 kg/mm?) in 


the direction parallel to the i, of the surface domains 
the regularity of the arrangement is disturbed and 
some of these domains increase appreciably in size 
(Fig. 8b). The increase in load (0.9 kg/mm?) results 
in a further growth of the supplementary domains as 
a result of which the surface occupied by them in- 
creases (Fig. 8c). At greater loads (1.3 kg/mm?) a 
boundary appears between the principal domains 
which is parallel to the direction of tension (Fig.8d). 
Under the load of 3.3 kg/mm? a second similar 
boundary is formed while the number and the dimen- 
sions of the supplementary domains increase. During 
still further increase in load the number of boundaries 
increases and the supplementary domains gradually 
decrease and disappear. At the load of 7.8 kg/mm? 
only principal domains are visible on the crystal 
surface (A structure) (Fig. 8e). On removing the 

load supplementary domains appear and their number 
and surface area increase. However, as it appears 
from Fig. 8f up to the load of 0.11 kg/mm? the 180° 
boundaries between the principal domains are pre- 
served (structure A). Only after a complete removal 
of load the magnetic structure of the A type passes 
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FIG. 9. The same as Fig. 2 on the crystal surface close 
to the (011) plane: 
a— Okg/mm’; 
b— 9.0 kg/mm’; 
c — 19.6 kg/mm’. 


in one step into the initial B structure. 

The powder figures shown in Fig. 9 were obtained 
on a crystal the surface of which was close to the 
(011) plane. Initially, (Fig. 9a) on the surface of the 
crystal drop-like supplementary domains are visibly 
arranged into regular rows (magnetic structure B). 
After subjecting the crystal to tension in the direct- 
ion perpendicular to the magnetization vector of the 
surface domains the following changes were observ- 
ed: the supplementary domains become shorter and 
between the rows of “drops” well defined bound- 
aries appear (Fig. 9b), load (9.0 kg/mm’), at higher 
loads (19.6 kg/mm?) the supplementary domains dis- 
appear and the number of boundaries increases (Fig. 
9c). On lowering the load this structure persists 
until the load 1.6 kg/mm? is reached. On total remov- 
al of load the magnetic structure assumes the origin- 
al character. 

Of special interest is the magnitude of load at 
which various changes of the magnetic structure 
take place. It was found that the reorganization of 
the initial A structure into the B type structure and 
vice versa occurs at loads 2-3 kg/mm’. If supple- 
mentary domains exist in the initial structure then 


loads of 15-20 kg/mm? are required in order to re- 
move them, i.e. much higher than those needed to 
change the type of magnetic structure. 


ANALYSIS OF RESULTS 


The powder figures described above show that 
under the action of uni-directional elastic stresses 
quite complex changes in the magnetic structure of 
silicon-iron crystals can take place. The character 
of these changes depends on the magnitude of load, 
orientation of stresses in relation to the direction of 
easy magnetization nearest to the specimen surface 
(direction [100] ), and the type of the initial magnetic 
structure. 

Normally, after the application of tensile stress 
the displacement of boundaries was observed. These 
displacements were caused by formation of new re- 
gions in the crystals under the action of tensile 
stresses where the boundary energy was at its mini- 
mum. In some cases the type of magnetic structure 
changes under tension. This is observed when ten- 
sion leads to the rearrangement of the direction of 
easiest magnetization between the crystal axes. If 
in the initial state, structure of the A type exists 
tension is applied perpendicular to the magnetiza- 
tion vector of the principal domains (Figs. 5 and 6) 
then structure of the A type changes into type B. 
This transformation takes place because tension 
renders the direction (100] more difficult in compar- 
ison with the directions [010] and [001] which are 
more conveniently oriented with respect to the direct- 
ion of tension. As a result of this the magnetization 
vectors of the principal domains become parallel to 
the directions [010] or [001]. To close the magnetic 
flux of the principal domains on the crystal surface, 
closing domains are formed, the magnetization vect- 
ors of which remain parallel to the direction [100]. 
If initially structure B is present and tension is ap- 
plied parallel to the magnetization vector of the sur- 
face domains (Figs. 7 and 8), then the B type struc- 
ture is transformed into structure A. This structural 
transformation is caused by the fact that under the 
action of tension direction [100] becomes the direct- 
ion of easiest magnetization rather than directions 
[010] and [001]. Because of this the magnetization 
vectors of the principal domains are oriented paral- 
lel to the direction [100]. 

The type of magnetic structure remains the same 
if initially structure A is present and tension is ap- 
plied parallel to the magnetization vectors of the 
principal domains (Figs. 2, 3 and 4), or if initially 
structure B is present and tension is applied perpen- 
dicularly to the magnetization vectors of the surface 
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closing domains (Fig. 9). In both these cases tens- 
ion does not lead to a change in the direction of the 
easiest magnetization. In the first case owing to the 
positive magnetostriction of silicon-iron direction 
[100] remains the direction of easiest magnetization 
when tension is applied parallel to the magnetization 
vectors of the principal domains. In the second case 
when tension is applied perpendicularly to the mag- 
netization vector of the surface domains directions 
[010] and [001] remain the axes of easiest magneti- 
zation being conveniently oriented regarding the 
direction of tension. We will show however, that in 
the last case the transformation of structure B into 
structure A is basically possible but owing to the 
high anisotropy constant of silicon-iron the required 
tensile stresses are higher than the yield strength. 

In many cases the increase in tensile stress re- 
sulted in splitting up of domains. This was observ- 
ed in a crystal with the A type structure the surface 
of which was close to the (100) plane when tension 
was applied along the [100] direction (Fig. 3), in a 
crystal with the A type structure the surface of which 
was close to the (110) plane when tension was ap- 
plied perpendicularly to the [100] direction (Figs. 5 
and 6) and in a crystal with the B type structure 
when tension was applied perpendicular to the [100] 
direction (Fig. 9). In the first case, the increase in 
the number of boundaries between the principal 
domains can be explained on the basis that this de- 
creases the volume of triangular closure domains 
situated at the ends of the principal domains. When 
tension is applied perpendicularly to the orientation 
of /, this direction becomes unfavourable from the 
energy standpoint and hence the existence of closure 
domains of large dimensions also becomes inconveni- 
ent. This also explains the splitting up of surface 
domains at higher loads in the second and third case. 
In the second case these domains are formed after 
application of a certain load (Fig. 5b). In the third 
case they cover all the surface of the crystal in the 
initial state. When tension is applied perpendicular- 
ly to the magnetization vector of the surface domains 
their energy increases as shown in a previous work 
[3]. The splitting up of the principal domains, and 
together with them of the surface domains which 
close the magnetic flux of the principal ones, leads 
to a decrease in the volume of the surface domains 
and hence to the decrease of the crystal energy. 

The supplementary domains which appear on the 
crystal surface owing to the fact that the [100] direc- 
tion does not as arule coincide at first with the spe- 
cimen surface decrease and then disappear complete- 
ly (Figs. 2, 4, 6 and 9). This phenomenon can be 
caused by many factors and is connected with the 
type of the initial magnetic structure and orientation 


of stresses in the crystal. If a crystal with the A 
type structure is subjected to tension in the direct- 
ion parallel to the projection of the magnetization 
vector of the principal domains on to the crystal 
surface (Figs. 2 and 4) then owing to the positive 
magnetostriction of silicon-iron the angle between 
the magnetization vector and the crystal surface will 
decrease with the increase in load. As a result of 
this magnetic charges on the crystal surface de- 
crease and the supplementary domains decrease and 
finally disappear. If a crystal with the B type mag- 
netic structure is subjected to tension in the direct- 
ion perpendicular to the projection of the magnetiza- 
tion vector of the surface domains on to the crystal 
surface (Figs. 6 and 9) then the decrease and dis- 
appearance of supplementary domains is caused by 
the splitting up of the surface domains. The supple- 
mentary domains extend somewhat below the crystal 
surface and therefore during the decrease in volume 
of the surface domains (inside which the supple- 
mentary domains are located) the supplementary 
domains also decrease and disappear when the clos- 
ing domains become smaller than a certain size. 

When a crystal with the B type structure is sub- 
jected to tension in the direction parallel to [100] 
some supplementary domains tend to grow at first. 
At higher loads they decrease and then disppear 
altogether (Fig. 8). This growth of the supplement- 
ary domains is caused by the appearance of a new 
type of magnetic structure — A type structure. 

Different magnetic structure transformations take 
place at different values of load. Appreciably smal- 
ler loads are required for transformation of the A 
into B structure (and vice-versa) than for liquidation 
of the supplementary domains. In the unstressed 
crystal the magnetization vectors of domains are 
always directed along the cubic crystal directions. 
In the first case tension selects one of these direct- 
ions in the crystal which becomes then the direction 
of easiest magnetization along which the magnetiza- 
tion vectors of the principal domains become oriented. 
In the second case in order to destroy the supple- 
mentary domains tension must rotate the magnetiza- 
tion vectors from the cubic direction into the direct- 
ion parallel to the projection of the magnetization 
vector on to the specimen surface. Evidently, such 
rotation of the magnetization vector in a crystal of 
silicon-iron of high anisotropy constant requires 
greater force. 

It was found that the application and removal of 
tensile stresses causes irreversible changes in the 
magnetic structure of a specimen. This irreversibili- 
ty of structure is due to the presence in the crystal 
of regions where the boundary energy reaches relative 
minima (metastable states). In these regions the 
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boundary can be arrested in its movement when re- 
turning to its original position on removal of stres- 
ses. 

It was assumed in the present work that powder 
figures consisting of rows of drop-like domains cor- 
respond to the type B structure [5]. According to this 
model the magnetization vectors of the principal 
domains are parallel to the [010] or [001] direction. 
The magnetization vectors of surface domains which 
close the magnetic flux of the principal domains are 
oriented in the [100] direction on the crystal surface. 
Inside these closing domains drop-like supplement- 
ary domains occur, the appearance of which is caus- 
ed by the deviation of the [100] direction from the 
crystal surface. Goodenough [6] proposed another 
magnetic structure model for this type of powder 
figures. In this model the crystal if divided into anti- 
parallel domains in which the magnetization vectors 
are oriented along [100] and the planes of bound- 
aries between the domains are parallel to the (011) 
plane. The drop-like domains on the surface of this 
crystal are arranged in the form of regular rows and 
are the basis of dagger-like domains inside the prin- 
cipal ones. The magnetization vector of the dagger- 
like domains is anti-parallel to the magnetization 
vector of the principal domains. In a crystal of B 
type structure — subjected to tension in the direct- 
tion parallel to the magnetization vector of the sur- 
face domains (Figs. 8b andc)—the drop-like domains 
grow at low tension loads and cover most of the crys- 
tal surface. On the basis of Goodenough’s model one 
can expect only a decrease of the drop-like domains 
in such a case because their existence is connected 
with the deviation of the direction [100] from the crys- 
tal surface. When a crystal is subjected to tension, 
this deviation should decrease and the volume oc- 
cupied by the drop-like domains should decrease too. 
For another example let us take a crystal with B 
structure subjected to tension in the direction per- 
pendicular to the magnetization vector of the surface 
domains (Fig. 9). According to Goodenough’s theory 
(who considers only one axis of easy magnetization 
and does not take into account other tetragonal crys- 
tal axes) it is difficult to expect that in this case 
comparatively small tensile stresses ( ~ 10-15 kg/ 
mm?) could change the character of the magnetic 
structure as the stresses are applied perpendicularly 
to the direction of easy magnetization. However, the 
experiments have shown that the volume of the drop- 
like domains decreases as the load applied is in- 
creased (Fig. 8a and b) before they disappear alto- 
gether. At the same time the number of boundaries 
between the domains increases. The results obtained 
with a crystal of the A type structure with drop-like 
domains subjected to tension in the direction perpen- 
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dicular to the magnetization vector of the principal 
domains also cannot be explained with the help of 
Goodenough’s model. In this case tension leads to 
the disappearance of boundaries between the princip- 
al domains, and supplementary domains in the form 
of “drops” appear on the crystal surface (Fig. 6a 
and b). 

The above cases of magnetic structure transforma- 
tion of silicon-iron crystals under the action of elas- 
tic stresses can be explained if the earlier describ- 
ed model of the B type magnetic structure is accept- 
ed. 


PRINCIPAL CONCLUSIONS 


Appreciable changes of magnetic structure of 
silicon-iron crystals can take place under the action 
of elastic tensile stresses. These changes depend 
on the magnitude of stresses, initial magnetic struc- 
ture and on the orientation of stresses in relation to 
the crystallographic directions in the crystal. The 
structural changes can result in the shifting of 
boundaries, in the changes of dimensions and in the 
disappearance of supplementary domains, and in the 
change of the type of magnetic structure. 

The magnetic structure changes under the action 
of the elastic tensile stresses can be irreversible. 

The results obtained can be explained qualitative- 
ly if it is assumed that under the action of elastic 
stresses a rearrangement takes place in crystal re- 
gions where the boundary energy has its minimum 
and that the direction of easy magnetization closest 
to the direction of tension becomes the preferential 
one. In some cases the vectors of spontaneous mag- 
netization can rotate from the cubic axes of crystal 
to the direction of tension. 


Translated by S. Lachowicz 
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In spite of the fact that in recent years a large number of studies both theoretical and experimental 
have been carried out to investigate the processes of technical magnetization it has not yet been explain- 
ed how these processes occur in real crystals. Only general conclusions are certain according to which 
magnetization and re-magnetization of ferromagnetics can take place with the help of two processes: 
shifting of boundaries between two neighbouring domains and rotation of the magnetization vector. The 
consideration of the mechanism of magnetization, i.e. the mechanism of magnetic structure reorganiza- 
tion under the action of an external magnetic field is, as a rule, omitted. Also only a simplified mag- 
netic structure is considered and only the principal domains are taken into account. In actual fact the 
magnetic structure of a real a be be very complex. Apart from the principal domains sever- 


al types of supplementary domains exist 
technical magnetization. 


which can have an important effect on the processes of 


To be able to explain many properties of ferromagnetic materials it is necessary to process reliable 
data regarding the changes of magnetic structure under the action of a magnetic field. The observation 
of such changes can be carried out at present with high effectiveness by the method of power figures. 
This method was used in the present work in order to study the mechanism of magnetization processes 
of silicon-iron crystals. The object of the present work was to establish general relationships between 
the changes of magnetic structure and the magnetic field applied. 


SPECIMENS STUDIED AND METHOD OF 
OBSERVATION 


The study was carried out on coarse grained 
polycrystalline specimens of silicon-iron (3.5 per 
cent Si) in the form of disks 10 mm in dia. The spe- 
cimens were 0.005 to 0.3 mm thick. 

The surface preparation and the preparation of the 
magnetic suspension were carried out by the method 
described eartier [1]. 

Before the observation of the power figures the 
specimen was demagnetized with an alternating mag- 
netic field. The power figures were then observed 
on gradually increasing the magnetic field oriented 
parallel to the specimen surface. The magnetic field 
was created with the help of two coaxial solenoids, 
situated one on each side of the specimen. 

The orientation of crystals was determined by the 
X-ray method with an accuracy of 2°. The following 
notation was used for the cubic axes of the crystal: 
the axis closest to the crystal surface was denoted 
by (100), the one further away by (010) and the 
furthest axis by (001). The angles between these 


directions and the specimen surface were designat- 
ed as @ (100), a(910) and a(99}). 

The study of the powder figures under the action 
of an external field was carried out on a large num- 
ber of crystallites with various crystallographic ori- 
entation of surface and at various directions of the 
magnetic field in the plane of the studied crystallite. 

As shown earlier, the magnetic structure of the 
comparatively thin silicon-iron crystals can be either 
of the A or the B type. In structure A the magnetiza- 
tion vectors /s of the principal domains are oriented 
parallel to the direction (100) and the boundaries 
between the principal domains are perpendicular to 
the specimen surface. In structure B the principal 
domains are parallel to the direction (010) or (001) 
and the magnetic flux between the neighbouring 
principal domains is closed by the supplementary 
domains covering all the surface of the crystal. In 
the supplementary domains /, is directed perpendi- 
cularly to the boundaries between these domains. If 
@(100) > 0 then together with the principal domains 
in the case of A type structure and supplementary 
surface domains in the case of B type structure vari- 
ous shape supplementary closure domains appear in 
the form of “drops”, “trunks”, “trees”, “combs”, etc.* 


* Fiz. metal. metallov. 6, No. 3, 556-563, 1958. 


* In the papers published by us these supplementary 
(continued on the next page) 


RESULTS OF OBSERVATIONS 


The study of powder figures was carried out on 
crystals with various crystallographic orientation 
of surface. The results given in this work have been 
obtained on crystals which possessed in the initial 
state a comparatively simple and easy to identify 
magnetic structure. Some experimental results are 
given in Figs. 1-4. On some photographs the orienta- 
tion of the magnetization vector /, in the domains is 
shown by arrows. 

In all cases when A type structure existed origin- 
ally, magnetization in the (100) direction was carried 
out only by displacement of the 180° boundaries 
between the principal domains. This process proceed- 
ed in a very simple way in crystals with the a(}QQ) 
angle close to zero. In this case the initial magnetic 
structure consisted of principal domains with anti- 
parallel orientation of /,, and the supplementary 
domains were absent. The displacement of the 180° 
boundaries between the neighbouring principal 
domains took place on applying the magnetic field 
and during its gradual increase. When this process 
was completed the whole crystal consisted of one 
domain,the 7, of which was parallel to the field (the 
crystal reached its magnetic saturation). 

A greater (190) angle the process of magnetization 
becomes more complex. Fig. 1 shows for example 
photographs of power figures obtained on the speci- 
men surface with the angle a(190) = 5° and the angle 
a(910) = 34°. Initially (i.e. after demagnetization) 
drop-like supplementary domains are visible on the 
surface together with the principal domains. Schema- 
tic representation of this magnetic structure is given 
in Fig. 1a. When the magnetic field is applied the 
displacement of boundaries between the principal 
domains is observed at first (Fig. 1b and c). In 
stronger fields the process of displacement is com- 
pleted — the whole crystal consists of one principal 
domain but the dimensions of the supplementary 
domains are preserved (Fig. 1d). Only ina strong 
field the supplementary domains begin to decrease 
(Fig. le) to disappear completely only in still strong- 
er fields. 

This succession of changes in the magnetic struc- 
ture under the action of a field was observed in all 
cases where the A type structure existed originally 


(continued from previous page ) 

domains were called closure domains. However, this 
term is not very fortunate because lowering of the crystal 
energy due to the domains can not be 
obtained by closing the magnetic flux of the principa 
domains but also by the redistribution of the magnetic 
chages. Therefore, these domains will be called from 


now on supplementary domains. 
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and the magnetic field was oriented parallel to the 
(100) direction. Attention should be drawn to the 
fact that the supplementary domains continue to 
exist always after the displacement of the 180° 
boundaries between the principal domains is complet- 
ed. Much stronger magnetic fields are needed in 

order to eliminate them. 

The magnetization processes in crystals posses- 
sing B type structure, which take place during mag- 
netization in the (100) direction, i.e parallel to 7, 
in the supplementary surface domains, are much 
more complex. Fig. 2 shows photographs of powder 
figures obtained on the crystal surface with the 
angle a(199) = 5° and the angle a(9}0)= 34°. Initially 
(Fig. 2a) the supplementary domains in the shape of 
“drops” are visible in the form of regular rows. Ac- 
cording to [2] the rows of “drops” are situated in- 
side the surface domains the boundaries of which 
are denoted by dotted lines. When the magnetic field 
parallel to (100) is switched on the “drops” in one 
row grow and in the neighbouring one diminish (Fig. 
2b). The increase of field (Fig. 2c) leads to the 
disappearance of some rows of “drops” and forma- 
tion in their place of a well defined boundary. On in- 
creasing further the magnetic field the “drops” tend 
to increase at first (Fig. 2b) but subsequently they 
diminish (Fig. 2e) and finally disappear altogether. 

Magnetic structure changes take place in the same 
succession if originally the specimen possesses B 
type structure with supplementary domains in the 
form of “combs”. 

Let us consider how the magnetic structure under- 
goes transformation in a crystal with the A type 
structure under the action of a magnetic field perpen- 
dicular to the (100) direction. Fig. 3 shows photo- 
graphs of powder figures obtained on a crystal sur- 
face with a(199)= 5° and a(g19)= 35°. In the original 
state two principal domains and some drop-like sup- 
plementary domains are visible on the crystal surface 
(Fig. 3a). Under the action of the magnetic field the 
boundary between the principal domains disappears 
as well as the drop-like domains in the place of which 
rows of stripes parallel to the orientation of the field 
are formed (Fig. 3b). As the field strength is in- 
creased the supplementary domains disappear complet- 
ly. The whole surface is covered by domains separat- 
ed by boundaries parallel to the orientation of the 
field (Fig. 3c). Further increase of the field strength 
leads to an increase in the number of boundaries 
(Fig. 3d). In very strong fields the boundaries disap- 
pear and the crystal reaches its magnetic saturation. 

We propose to call the magnetic structure obtained 
in the magnetic field (Figs. 3e and d) structure B,, 

A similar process of magnetic structure transforma- 
tion was observed in all thin crystals not thicker than 
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FIG. 1. Change of powder figures under the action of a 
magnetic field: 


50 » with the A type structure and the angle 
2(910) > 10°. 

In the crystals 50-200 py thick the A type structure 
would also disappear on increasing the magnetic 
field and the B, type structure would appear. Also, 
splitting up of domains was observed. However, it 


a” 
O05 mm 


FIG. 2. Change of powder figures under the action of a 
magnetic field: 
a-—-B= 0; 
b-B= 1000; 
e—-B= 6000; 
d — B = 12,000; 
e — B = 16,000 gauss. 


was not possible to establish how the transformation 
of the A type into the B, type structure proceeds in 
crystals of this thickness. Apart from this, it was 
established that the width of the B, domains in- 
creases with increasing crystal thickness. 
Processes of magnetization in crystals with the 
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O/ mm 


FIG. 3. Change of powder figures under the action of a 
magnetic 


a- 
c 
d 


B type structure under the action of a magnetic 
field perpendicular to the (100) direction were also 
studied. Fig. 4 shows powder figures obtained on 
the surface of a specimen with the angle a(j99)=5° 
and theangle a(9j9) = 34°. Initially, three rows of 
drop-like supplementary domains are visible on the 
crystal surface (Fig. 4a). When the magnetic field 
is applied the “drops” disappear and boundaries 
appear between the domains (Fig. 4b) the number of 
which increases with the strength of the field (Fig. 
4c and d). It must be pointed out that the bound- 
aries themselves are also of a complex inner struc- 
ture. In a strong magnetic field the boundaries 
between the domains disappear. 


FIG. 4. Change of powder figures under the action of a 
field: 


DISCUSSION OF RESULTS 


In all the cases the changes in the magnetic 
structure of crystals induced by the application of 
a magnetic field are such that they lead to the ap- 
pearance and increase of resulting magnetization 
parallel to the external magnetic field. Such trans- 
formations take place with greatest ease by displace- 
ment of the boundaries between the principal domains. 
However, changes of this kind only rarely lead to 
the complete saturation of the crystal. At the same 
time more complex processes occur as a rule because 
the magnetic structure of crystals is complicated. 
Even in the comparatively simple case when 
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FIG. 5. Schematic representation of changes in the 
B type magnetic structure during magnetization 
parallel to the (100) direction. 


structure A exists initially with drop-like supple- 


mentary domains and the magnetic field is oriented 
parallel to the (100) direction, the process of mag- 
netization has its different features (Fig. 1). In 
weak magnetic fields the boundaries between the 
principal domains undergo displacement whereas the 
supplementary domains remain almost unchanged. If 
the supplementary domains occur in the path of the 
shifting boundary then they tend to disappear as the 
boundary approaches them. However, they appear 
again after the boundary has passed through this 
part of the crystal. If the magnetic field is increas- 
ed further the supplementary domains begin to de- 
crease and at sufficiently high values they disappear 
completely. In this way the decrease in size and 
disappearance of the supplementary domains takes 
place simultaneously with the rotation process. As 
the 7; in some of the supplementary domains is par- 
allel to the external field it could be expected that 
with the increase of the field strength these supple- 
mentary domains will become wider. Their decrease 
observed during the experiments indicates that the 
supplementary domains do not undergo transforma- 
tion under the action of the magnetic field but as a 
result of rearrangement of magnetic charges during 
magnetization of crystals. The rotation processes 
at which the angle between the direction (100) and 
the plane of the specimen decreases occur at higher 
field strengths. This leads to the decrease of the 
magnetic charges on the crystal surface and hence 
to the decrease in the dimensions of the supplement- 
ary domains. When the rotation processes are com- 
pleted the magnetic charges on the crystal surface 


Kt 


FIG. 6. Schematic representation 
of the 
B, type structure. 


cease to exist. At the same time the supplementary 
domains disappear altogether. The fact that they 
disappear only in a strong magnetic field shows that 
they lower appreciably the magnetostatic shed of 
the magnetic charges. 

It follows from these observations that one ought 
to reject the widely accepted views according to 
which only the displacement processes occur during 
the magnetization of a ferromagnetic crystal in a 
weak magnetic field and only when they are complet- 
ed all further increase in magnetization is caused 
by the processes of rotation. In actual fact the 
processes of boundary displacement connected with 
the changes in dimensions of the ‘supplementary 
domains take place simultaneously with the rotation 
processes of the spontaneous magnetization vector. 

It should be noted that the supplementary domains 
can have a substantial influence on the course of 
the magnetization processes owing to the following 
causes: supplementary domains hinder the displace- 
ment of boundaries between the principal domains 
owing to the same sign of the magnetic charges 
side a principal domain and in supplementary 
domains located in the neighbouring principal 
domains; they help the magnetization of the crysi 
by lowering the magnetostatic energy of the mag- 
netic charges and reduce the resulting magnetizati 
of the crystal. 

It was described earlier that if in the initial state 
the B type structure exists then a complex magnetic 
structure transformation is observed during magneti- 
zation in the (100) direction (Fig. 2). Under the 
action of an increasing magnetic field the drop-like 
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supplementary domains grow in some rows and de- 
crease and disappear in others. This reorganization 
of the magnetic structure can be described by the 
scheme shown in Fig. 5. Fig. 5a represents the 
initial magnetic structure of the B type. When the 
magnetic field is applied the surface of the supple- 
mentary domains in which /, is parallel to the field 
tends to grow. This leads to the increase of some 
rows of “drops” and to the decrease of others (Fig. 
5b). In stronger fields some rows of “drops” disap- 
pear completely but the boundaries between the sup- 
plementary domains are preserved owing to the 
anti-parallel orientation of /, of the principal 
domains (Fig. 5c). In still stronger fields the whole 
crystal consists of one principal domain and several 
drop-like supplementary domains (A type structure) 
(Fig. 5d). These supplementary domains decrease 
and finally disappear with the increase in the field 
strength. 

Recently Goodenough [3] proposed another mag- 
netic structure model for the picture of powder 
figures consisting of rows of “drops” considered by 
us. According to him, the crystal consists of anti- 
perallel domains in which the i, is oriented in the 
(100) direction and the planes ef boundaries between 
the principal domains are parallel to the (011) plane. 
Drop-shaped domains arranged on the crystal surface 
in the form of regular rows appear to be the basis of 
dagger-like domains present inside the principal 
domains. The /, of drop-shaped domains are anti- 
parallel to the & of the principal domains. The sup- 
posed boundaries between the principal domains do 
not appear on the crystal surface because of the 
small angle between the plane of the crystal and the 
(100) direction. However, this model cannot explain 
the changes of structure which occur in the crystal 
under the action of a magnetic field. On the basis of 
Goodenough’s model one ought to expect that after 
the disappearance of some rows of “drops” the whole 
crystal should consist of one principal domain. The 
boundaries detected experimentally after the disap- 
pearance of some rows of “drops” (Fig. 2b) show the 
inconsistency of his model. It ought to be pointed 
out that a number of other powder figures studies 
indicate that the Goodenough’s model is not accept- 
able [4]. 

When the magnetic field is applied perpendicularly 
to the (100) direction then, independently of the ini- 
tial magnetic structure (A or B), a new magnetic 
structure appears which resembles externally struct- 
ure B (Figs. 3 and 4). The difference between this 
structure and the structure of the B type lies in the 
fact that its appearance is accompanied by resulting 
magnetization parallel to the external field. This 


structure was called B, structure and its schematic 
representation is given in Fig. 6. In this structure 

as in the B type structure the /_ of the surface 
domains are parallel to the (106) direction. The I 

of the principal domains are oriented parallel to the 
direction (010) and (001). In order to obtain a result- 
ing magnetization it is necessary that the [, of the 
principal domains are parallel in turn to the direct- 
ions (010) and (001). In this way the resulting mag- 
netization is due only to the principal (inner) 
domains and the surface domains only close the mag- 
netic flux of the principal domains and have no effect 
on the creation of the resulting magnetization. As 
shown earlier in the case of the B, structure the 
widths of the surface domains decrease with the in- 
crease in the magnetic field strength. 

This phenomenon can be understood if it is taken 
into account that the resulting magnetization in- 
creases with the magnetic field strength. This in- 
crease can only be obtained by increasing the vol- 
ume of the principal domains as the surface domains 
do not contribute to the resulting magnetization. 
However, the volume increase of the principal 
domains, whilst the surface domains are preserved, 
can only take place by splitting the principal domains. 


CONCLUSIONS 


Complex changes in the magnetic structure of 
silicon-iron crystals occur under the action of a 
magnetic field. These changes depend on the field 
strength, on the initial magnetic structure and orient- 
ation of field in relation to the crystallographic axes. 

The structural changes consist of displacement of 
boundaries, changes in the orientation of the magne- 
tization of domains, regrouping, dimensional changes 
and disappearance of supplementary domains and 
changes of the type of magnetic structure. In strong 
fields the rotation processes occur together with the 
processes of displacement of boundaries between 
domains, with the volume decrease of the supple- 
mentary domains and splitting of the surface domains 
in the B, type structure. 

It is suggested that the obtained correlation of the 
changes in the magnetic structure of silicon-iron 
crystals with the action of the magnetic field applied 
is general for soft magnetic sheet materials espe cial- 
ly for materials of the same type crystalline lattice 
as iron possessing sufficiently high anisotropy 
constant. 


Translated by S. Lachowicz 
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DISCUSSION 
DETERMINATION OF THE TYPE OF EQUILIBRIUM DIAGRAMS OF ALLOYS BY THE 
METHOD OF SPECTROSCOPIC ANALYSIS * 
G.P. SKORNIAKOV 
Institute of Physics of Metals of the Urals Branch of the Academy of Science of the U.S.S.R. 
(Received 10 December 1956) 


In his work [1] Palatnik suggests the use of a 
spectroscopic analytical method for the study of the 
high temperature equilibrium diagrams liquid-vapour. 

The basic assumption of the author in the case of 
a binary alloy were as follows: 

(1) “The connexion between the effect of selective 
vaporization of components in an alloy and the cor- 
responding equilibrium diagram” and (2) the appli- 
cability of the formulae (3) and (4) for the intensi- 
ty of the /4 and /g lines in the spectra of elements 
A and B, and namely 


I,=a(l—x’), 


from which 


(Sa-Sp) (4) 


b 
a 


where a and b are the intensities of the compared 
spectrum lines (obtained in indentical conditions) 
of pure metals A and B; S4 and Sg is the blacken- 
ing of the compared spectral lines of A and B in the 
alloy; y is the coefficient of contrast and x” is the 
concentration of component B in the vapour phase. 
In order to determine the type of the equilibrium 
diagram liquid-vapour the curve x” = f (x) is used 
drawn in the co-ordinates x” and x where the values 
of x” are found from the formula (4) for a series of 
alloys of various composition within the concent- 
ration range 0< x< 1 (x is the concentration of 
component B in the solid solution). 

Taking into account the above expressions it 
seems that the author bases his method on premises 
which are not realized in actual conditions. 


* Fiz. metal. metalloved., 6, No. 3, 564-565, 1958. 


Let us consider the statement quoted in point 
(1). In order to find the basis for the effect of selec- 
tive vaporization in the case of a spark discharge 
the author assumes for the duration of the discharge 
the time 1 x 10~* sec expecting that during this time 
diffusion processes will occur in the micro-volume of 
the liquid alloy. Palatnik considers that the non- 
diffusional “explosion-like” process of vaporization 
cannot be realized. 

It should be pointed out that the interval 1 x 10-‘ 
sec represents duration of a single cycle of oscil- 
lations [3, 4] and therefore cannot be used in esti- 
mation of the time of uninterrupted action of the 
spark passage on the electrode surface. Optical 
observation of the spark discharge show that the 
ejection of the substance in the form of a flare oc- 
curs during each oscillation in the circuit loop. The 
period of oscillations which the cycle consists is 
for aspark discharge 10-5 to 10~ sec. [3]. Taking 
from [1] the diffusion coefficient D ~0.1 to 1.0, the 
depth of the molten zone on the electrode surface 
as few hundredths of a millimetre and the diameter 
of the spark trace close to 0.1 mm [4] it is possible 
to prove that the effect of “stratification” cannot 
occur and that “selective” vaporization cannot take 
place. 

As far as the use of the formulae [3] and [4] is 
concerned for obtaining quantitative data, it is obvious 
ly based on misunderstanding because they do not 
take into account the phenomena of self-absorption. 

The intensity / of a line in spectrum is related to 
the concentration c of an element by the empirical 
formula / = ac$ used in spectrographical analysis 
practice. 

The magnitude of a and 5 is considered constant 
in the experimental conditions for a narrow concent- 
ration range (for example 1: 10) [3]. 

In the general case b changes with the concent- 
ration mainly owing to self-absorption in the discharge 
cloud, the fact which is well illustrated by the in- 
crease curves [3]. 

The absence of the linear relationship between the 
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line intensity and the concentration has been so 
reliably established especially for wide concentra- 
tion ranges which can be and are considered in the 
paper discussed, that this problem cannot be a sub- 
ject of discussion. However, such linear relation- 
ship between / and c is actually assumed in evolv- 
ing the formulae (3) and (4). 

Disregarding self-absorption effect together with 
“various systematic and accidental errors” and 
together with other phenomena influencing the inten- 
sity of spectrum lines (the effect of alloy structures, 
change of the temperature of the radiating cloud with 
the change in composition, the interaction of compon- 
ents, the change of the A to B ratio in the surface 
layer as a result of sparking, etc.) can according to 
our view lead to erroneous quantitative results. 

Owing to this, the method suggested in the paper 
discussed for determination of the type of equilibrium 
diagram does not seem to us sufficiently well based 
in its initial assumptions and cannot fulfil hopes 
placed in it. 

In the paper “The use of spectrographic analysis 
in the study of multicomponent alloys in the high 


temperature range” Palatnik (replying to my views 
about this method) bypasses the main objection 
connected with not taking into account the self- 
absorption and limits himself to answering the less 
important questions. The explanation of Palatnik 
that “the linear relationship was expected ... 
between the intensity of the spectrum line and the 
concentration of the corresponding component in the 
vapour phase and not in the initial solid solution” 
and that “not for all spectrum lines but only for 
those (spark) lines for which the effect of selective 
vaporization can be wholly neglected” does not in- 
troduce anything new into the basis of the method. 

My opinion about the statement contained in the 
first quotation was expressed in the written discus- 
sion above, the second quotation is obviously based 
on inaccurate expression of thought. It is impossible 
to divide lines radiated by an atom into sensitive 
and intensive selective vaporization. 

The method proposed by the author can be used in 
the case when large approximations are acceptable. 


Translated by S. Lachowicz 
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In his letter [1] Skorniakov listed a number of 
objections against the method proposed in our 
paper [2] for determination of the type of the equili- 
brium diagrams of alloys (vapour-liquid diagrams) in 
the high temperature range. The basic objection put 
forward [1] consists of categorical rejection of the 
possibility of selective vaporization of components 
of a binary or multicomponent alloy (and in connex- 
ion with it the use of the method of spectrographic 
analysis for determination of the type of diagrams 
of vapour-liquid equilibria) because the vaporiza- 
tion of the electrode material has an “explosion- 
like” character [3]. 

Let us begin by stating that the processes occur- 
ring during a spark discharge in the working volume 
of the alloy-electrode at very high temperatures and 


rates of heating have not been explained completely. 


Unfortunately, the objections [1] do not contain any 
concrete statements regarding the electrode vapori- 
zation mechanism in spark discharges and the state- 
ments about the impossibility of selective vaporiza- 
tion are without a theoretical or experimental basis. 
The term “explosion-like” vaporization does not 
help in clarifying the problem because it is not 
connected with any definite physical model without 
which it is impossible to.obtain any quantitative 
estimate. Qualitatively, some physical basis for the 
possibility of selective vaporization of the comipon- 
ents of an alloy and the “stratification” of phases 
(separation of particles of different character of in- 
teraction) can be seen in the fact that the duration 
of a spark discharge 7» is about 10~* sec [4] and the 
action of the spark on the electrode surface lasts 
10-$ — 10~* sec [5] which is many orders more than 
7. ~ 107%? sec — the period of vibrations of atoms 

in a crystalline lattice. 

The rigorous solution of the above mentioned 
non-stationary problem which determine the kinetics 
of selective vaporization is connected with the ne- 
cessity of solving a non-linear system of gas- 


* Fiz. metal. metalloved. 6, No. 3, 565-567, 1958. 


USE OF SPECTROGRAPHIC ANALYSIS IN THE STUDY OF MULTICOMPONENT ALLOYS 
IN THE HIGH TEMPERATURE RANGE * 

L.S. PALATNIK 

(Received 16 March 1957) 


dynamical equations. The mathematical difficulties 
connected with this three-dimensional gas-dynamics 
problem are at the present time practically insur- 
mountable. Therefore, we thought it essential to con- 
sider in the form of a first step in the quantitative 
study the conclusions drawn from the thermodynamic 
analysis which is applicable strictly speaking to 
quasi-stationary (quasi-static) processes only. This 
constituted the contents of our first paper [2]. 

In the quantitative estimation of the possible dif- 
fusion processes and phase transformations, and in 
the determination of the type of the vapour-liquid 
diagrams we have used the following approximate 
formulae [2]: 


L? 
(1) 
~ 
D (2) 


assuming the validity of the usual equations of 
thermal conductivity and diffusion and the possibi- 
lity of a rapid, although extraordinarily short ap- 
proach to local equilibrium (cf. [6] ) at high temp- 
eratures in the small volume of the alloy-electrode. 
The character of separation of heat sources in spark- 
ing electrodes, i.e. the form of the function Q (e) 
(intensity of heat sources) in the impulse regime 
has a relatively small effeét on the order of 7, as 
shown by the solution of the corresponding thermal 
conductivity problem [7]. 

We have already stated in [2] on the basis of ana- 
lysis carried out (2), that at such strong local dis- 
turbances the hypothesis of diffusion in the solid 
has no meaning. On the other hand, diffusion con- 
nected with the equalization of densities is not ex- 
cluded. The possibility of this diffusion at high 
temperatures results from the corresponding macros- 
copic equation of diffusion and the kinetic equation. 
The selective character of vaporization is not ex- 
cluded in the case of “explosion-like” vaporization 
in spark discharge contrary to the statement in [1] 
because consideration of the problem of propagation 
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of the impact wave shows that the concentrations 

on the two sides of this wave are not the same. In 
every instant of time it is possible to consider the 
densities of particles of each kind which, obviously, 
depend on time and do not coincide with the initial 
concentrations of the alloy’s components (e.g. one- 
phase solution [2]. 

Naturally, it can be expected that the solution of 
the given non-stationary problem should have an auto- 
model form. In such case an analogue (correspond- 
ing to the non-stationary processes, non-equilibrium © 
compositions) will correspond to the static (quasi- 
stationary) equilibrium diagram T-x. The co-ordinates 
will be expressed in dimensionless parameters con- 
taining as variables temperature 7’, concentration 
x, and also time ¢. In.this way at each fixed instant 
of time it will be possible to consider a diagram 
which will represent an analogue of the equilibrium 
diagram with the deviations from stationary and 
equilibrium conditions causing only changes in 
scale corresponding to changes in time. In the limit- 
ing case the quasi-stationary condition of such a 
diagram corresponds to the usual vapour-liquid 
equilibrium diagram. Assuming the preservation of 
topology for the stationary and non-stationary dia- 
grams it can be expected that the method [2] will 
become useful for the quantitative estimation of the 
type of vapour-liquid diagram. 

The remaining objections [1] are related to certain 
difficulties in the use of the method [2]. The equa- 
tions (3) and (4) [2, 1] (in which a linear relation- 
ship was assumed between the intensity of a spec- 
trum line and the concentration of the corresponding 
component in the vapour phase and not in the initial solid 
alloy) in our paper [2] were assumed, of necessity, to be 


valid not for all spectrum lines but for those 
(spark) lines for which the auto-absorption effect 
can be completely neglected. Other factors (alloy 
structure, effect of sparking, temperature of the 
radiating cloud) can be excluded by the choice of 
suitable experimental conditions. The effect of 
“interaction of components” should-rightly be used 
in studying the thermodynamics and kinetics of 


_ phase transformations at high temperatures in binary 


and multicomponent systems by simultaneous appli- 
cation of physicochemical and spectrographic ana- 
lysis which was the main object of our paper [2]. We 
suggest also that the detailed study of the auto- 
absorption effect of spectrum (arc) lines and other 
complex phenomena observed in the spectroscopy of 
alloys can be studied by the physicochemical and 
spectrographic analysis methods. 

In conclusion we would like to mention that after 


_ the first step connected with the quasi-stationary 


considerations in [2] we are at the present moment 
considering the non-stationary problem which, we 
hope, will permit a quantitative approach to the 
phenomena of selective vaporization. In particular, 
we hope that the quantitative appraisal and the cor- 
responding experiments designed to explain the 
nature of the selective vaporization phenomena 
will enable us to determine practical effectiveness 


of the method described in [2]. 


Translated by S. Lachowicz 
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FROM THE EDITORS: The exchange of views in paper and letters of L.S. 
Palatnik and G.P. Skorniakov gave opportunity to define more accurately the 
question of use of the spectrographic analysis in the study of multicomponent 
alloys. The editors consider further discussion superfluous because of the 
planned further experimental studies and theoretical calculations. 
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FORMATION OF AUSTENITE DURING HEATING OF STEELS, DUE TO A REVERSE 
MARTENSITIC TRANSFORMATION * 
B.K. SOKOLOV and V.D. SADOVSKII 
Institute of Physics of Metals of the Urals Branch of the Academy of Science of the U.S.S.R. 


In the paper [1] metallographic evidence has been 
provided to show that two mechanisms of austenite 
formation are possible during heating of a hardened 
structural alloy steel. Just as in the case of the de- 
composition of supercooled austenite, when both a 
diffusion mechanism of phase recrystallization (pear- 
litic-troostitic decomposition) and a diffusionless 
martensitic transformation are possible, the forma- 
tion of austenite can also occur either through a diffus- 
sion reaction between ferrite and carbides, or through a 
diffusionless process similar to a reverse martensi- 
tic transformation. 

However, the evidence quoted in the paper [1] for 
the presence of a non-diffusion mechanism of aus- 
tenite formation in steel is not exhaustive. 

A direct observation of diffusionless austenite 
formation can be made using the method of vacuum 
metallography [2]. A non-diffusion transformation of 
the martensitic type, during which coherence is 


maintained in the process of growth of the new phase, 


is always accompanied by the appearance of relief 
on a polished specimen surface [3]. This is due to 
the fact that during such a transformation, the atoms 
can be displaced only in certain directions with res- 
pect to their neighbours. From such minute indivi- 
dual atomic dislocations result larger, combined 
motions onamacroscopic scale. The latter lead to 
the formation of relief on a polished surface. In this 
way, clear needle-like relief appears during the mar- 
tensitic transformation. In the literature, references 
can be found to the formation of relief during the 
bainitic transformation [4]. This circumstance sug- 
gests that bainite formation is also based on a non- 
diffusion transformation. The appearance of relief 
on a polished section during heating must be an in- 
dication of the non-diffusion mechanism of austen - 
ite formation. 

To obtain a coarse-needle martensitic structure, 
steel 40KhGS was quenched from a temperature of 
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FIG. 1. Relief obtained on a polished specimen from 
steel 40KhGS during heating at a rate of 50°/sec 
(x50, photographed with oblique illumination). 


1300°C. Specimens with dimensions of 10 x 4.x 55 
mm were prepared from this steel, and were heated 
in a vacuum-metallography installation [2] at a rate 
of 50°/sec. 

Relief was observed on the surface of the section 
(Fig. 1) at temperatures of the order of 700°C. The 
appearance of relief was rapid and nearly simulta- 
neous in a number of grains. It was needle-like in 
character. This indicates that the formation of aus- 
tenite under these conditions takes place in a dif- 
fusionless manner, and is analogous to a reverse 
martensitic transformation. 

In specimens which had been tempered before 
heating (2 hr at 600°C), relief did not appear during 
identical tests. It is clear that tempering of steel 
before heating assists the diffusion mechanism of 
austenite formation. 
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GENERATION OF ULTRA~STRONG IMPULSE MAGNETIC FIELDS ** 


I.G. FAKIDOV and E.A. ZAVADSKII 
Institute of Physics of Metals of the Urals Branch of the Academy of Science of the U.S.S.R. 


Strong impulse magnetic fields with intensities 
of up to 3,600,000 oersted were produced and em- 
ploved in the study of galvanomagnetic properties 
of many metals and some semiconductors by Kapitza 
in 1929. Earlier, he produced (by discharging a 
strong storage battery) a field with an intensity of 
the order of 500,000 oersted in a 1-mm dia. coil 
[1]. Since those days, interest in problems of the 
effect of strong magnetic fields on the physical 
properties of metals and semiconductors has not 
decreased, but on the contrary has grown very consi- 
derably. 

The development of theoretical physics in recent 
years has led to the conclusion that study of mag- 
netic and galvanomagnetic properties of solids in 
strong and ultra strong magnetic fields may give 
valuable information on the shape and configura- 
tion of the energy surfaces of the conduction 
electrons [2]. 

The electrical laboratory of the Institute of Metal 
Physics at the Urals Branch of U.S.S.R. Academy 
of Sciences has at present in operation an appara- 
tus for the generation of strong magnetic fields, 
using short-duration currents obtained by discharg- 
ing a condenser with a capacity of C = 1600 uF at 
a voltage of U = 3000 V. The discharge of the con- 
denser battery through a coil is periodic, its fre- 
quency being f = 2800-3000 c/s and attenuation 
decrement \ = 3 to 5.5, depending on the number of 
turns in the coil. This apparatus permits the gene- 
ration inside a single-layer coil of magnetic fields 
of over 500,000 oersted with a degree of uniformity 
of 1.5 per cent within a cylindrical volume of 6.5 
mm dia. and 5 mm height. In Fig. 1 an oscillograph 
picture is given, showing the variation of the intens- 
ity of the magnetic field with time. 

The authors have studied the effect of a trans- 
verse magnetic field on the electrical conductivity 
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FIG. 1. 


of high-frequency germanium of n and p types 
(p = 540 cm, p = 58 cm) at T = 300, 77 and 20°K. 
It was determined that A R,/R of n-type germanium 
(0 = 54 2 cm) is subjected to oscillation at T=20°K. 
The results of these measurements and a detailed 
description of the apparatus for ultra-strong magnetic 
fields will be presented in subsequent articles. 

The authors wish to thank Volkenshtein for supply- 
ing liquid hydrogen for their tests, and Davidenko 
for assistance with the measurements. 
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ed in raising the intensity of magnetic field to 
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THERMODYNAMIC THEORY OF RELAXATION PROCESSES IN SYSTEMS WITH 
SUPPLEMENTARY PARAMETERS * 
V.T. SHMATOV 
Institute of Physics of Metals of the Urals Branch of the Academy of Science of the U.S.S.R. 
(Received 16 April 1957) 


We will consider a thermodynamic system charact- 
erized by a temperature 7’, a generalized force A and, 
conjugated with it, co-ordinate a, which are related 
together by an equation of state A = A(T, a), as 
well as by some supplementary parameter 7 which, 
in the equilibrium state of the system, is a function 
of a and T: n =7n (a, T). 

We will assume that the supplementary parameter 
n characterizes a specific internal property of the 
system, for example the degree of the long- or short- 
range orders, spontaneous magnetization, electrical 
polarization, antiferromagnetic order etc. 

During a change of the state of the system with 
time, the parameter 7 assumes a non-equilibrium 
value 7 #7 (a, 7), as a result of which the whole of 
the system will pass through non-equilibrium states. 
Let us assume that in a non-equilibrium state, the 
free energy of the system F = F (7, a, n), where 
Fy (T, a, n) # 0 (the lower index indicates different- 
iation with respect to the corresponding with respect 
to the corresponding parameter). Consequently, in a 
non-eguilibrium state of the system 


=—F,(T, a, 1). (1) 
In the equilibrium state 
a0 0. (2) 


According to [1], the change of entropy of a sys- 
tem in a non-equilibrium state is 


TdS =dU + Ada — F_dn, 
(3) 


where U (T, a, 7) is the internal energy. The last 
term in (3) defines the non-equilibrium part of the 
change of entropy. From an expression for the 
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appearance of entropy, following direct from (3), 


TAS = 


in an approximation of the thermodynamics of irre- 
versible processes [2], we obtain 


(T, a, n), 
(4) 


where the kinetic coefficient L > 0, since A S$ > 0. 

The equation (4) holds for small deviations of the 
parameter 7 from its equilibrium value, and in a 
special case becomes identical with that employed 
in the investigation [3]. 

Expressing Fy as a series about the equilibrium 
position and using only linear terms, from (4), with 
the aid of (2), we obtain an equation describing the 
variation of the parameter 7 with time 


0 Ov, 


oT ) ar. (5) 


where (LF yy)" is the relaxation time of the 


supplementary parameter 7 at constant a and 7. 
Using (1), (2) and the condition of adiabaticity, it 
can be shewn that, with a different choice of vari- 
ables, equation (5) assumes the form 


*y 
t A 


where x and y are two arbitrary variables obtained 
from 7, a, A and entropy S, and ry is the relaxation 
time of the parameter at constant x and y. The relax- 
ation times are mutually related as follows: 
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where C, and Cy are the thermal capacities of the 
system, and[C,] and [C4] the thermal capacities 
of the sub-system at constant a and A. The latter 
two thermal capacities pertain to those degrees of 
freedom, which are responsible for the manifestation 
of the properties characterized by the parameter 7. 
The values 


represent the contribution to the derivatives 


due to those degrees of freedom. 

For a periodic disturbance of the system with a 
frequency w, by calculating the dynamic derivatives 
by means of (1), (2), (5), (7) and the condition of 


adiabaticity, we obtain 


dy Oy\ 1+ ior)? 
), fe + (8) 
where x, y and z are three arbitrary variables obtain- 
ed from 7, a, A and S. 

Near the Curie point, on the basis of the above 
and of the thermodynamic theory of secondary phase 
transitions, we find 


ox }, 
is the change in the value of the derivative 
Ox 


at the Curie point. 

By adapting the results obtained to any given 
number of parameters, the following formula is 
obtained: 


N 
- (2) | 
Ox Ox z 1 + (10) 


a= 


The variation of 7, with time can now no longer 
be characterized by a single relaxation time, as was 
the case with only one parameter, since the approach 
of np to its equilibrium values 7, at constant x and y 
will take place according to the equation: 


N he t 
XZ 
K=1 
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where 


is a function of k 


and the initial conditions. 
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VARIATION IN THE MECHANICAL PROPERTIES OF STEEL DURING AGEING AFTER 
HEAT-TREATMENT * 


K.A. BESSONOV and Iu. Ye. BONDAREV 
Chemico-Metallurgical Institute, West-Siberian Branch of U.S.S.R. Academy of Sciences 


It is well known that the mechanical properties of 
steel, determined immediately after hot-rolling, may 
differ substantially from those after subsequent 
“seasoning” at normal temperatures. This pheno- 
menon is generally known as ageing. 

Filimonov [1] carried out a special observation of 
the variation in the mechanical properties of rail 
and axle steel after ageing for 40 days, and noted a 
slight increase in strength and a considerable in- 


crease (9-12 per cent) in the reduction of area. The — 


properties of a low-carbon steel during the same 
period remained practically unchanged. A major dis- 
advantage of the above investigation is the fact 
that, in determining the deformation, the author em- 
ployed the reduction of area, which is not a clearly- 
defined characterictic. The process of plastic de- 
formation of steel consists of uniform deformation 
and localized deformation in the neck. The physical 
mechanism of these two stages are quite distinct 
[2]. In recent times, research workers have been 
aiming at explaining the effect of various factors 
separately for uniform and localized deformations 
[3-5]. This made possible the discovery that, at a 
constant total reduction of area in the neck, the 
ratio of the individual components of deformation 
sometimes varies considerably. 

In our studies of the variation in the mechanical 
properties with time, unkilled steel 3 was used. 
Tests were made in extension, with the determina- 
tion of the yield point, tensile strength, uniform 
elongation and total reduction of area in the neck, 
as well as in impact, with the determination of the 
threshold of cold brittleness. All specimens were 
normalized for one hr at 920°C. The structure of the 
steel consisted of ferrite and pearlite. The heat- 
treatment was carried out on finished specimens. To 
prevent decarburization of the surface layer, the 
specimens were kept in activated carbon, covered on 
top with a layer of sand for reducing the intensity 
of burning. In consequence, the microstructure of a 
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transverse section was practically uniform. Steady 
cooling in air and the simple form of the specimens 
precluded the possibility of primary stresses setting 
in. 
The first group of tests was made during one day 
after heat-treatment. The tensile characteristics 
were determined from diagrams of true stresses for 
two specimens of 10 mm diameter. The impact 
strength was obtained as a mean for three standard 
specimens at each temperature. Subsequent tests 
were repeated in the same manner during 60 days. 
Supplementary tensile tests were made after ageing 
for 90, 120 and 150 days. The results are shown in 
Figs. 1 and 2. 

As can be seen from the shape of the curves, the 
yield point and tensile strength increase slightly 
during the whole time of seasoning, and so does the 
reduction of area in the neck. Uniform elongation 
decreases at a gradually diminishing rate, becoming 
constant only 4-5 months after heat-treatment. 
Ageing had a very great effect on the value of the 
impact strength, which was reduced by about a half. 
The lower threshold of cold brittleness was trans- 
posed by 20°C in the direction of higher temperatures. 

To discover the causes of the change in the mech- 
anical properties, let us examine the processes which 
may occur in steel at room temperature. Steel is a 
conglomerate of grains of phases having different 
physical and mechanical properties. During working 
steel undergoes frequent heating and cooling, which 
results in non-uniform variation in the dimensions of 
phase grains and leads to the development of sec- 
ondary stresses between the grains. Since cooling 
takes place relatively rapidly, there is insufficient 
time for full relaxation, and these stresses are re- 
tained in metal at room temperature. Zaitsev [6] es- 
timated that, on cooling steel from 700 to 20°C, sec- 
ondary stresses due to the difference between the 
coefficients of linear expansion of pearlite and 
ferrite reach values which are well in excess of the 
yield point of ferrite. Under the action of these 
stresses over a long period of time, the softer phase, 
in this case ferrite, is subject to deformation and 
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FIG. 1. Variation of tensile characteristics: 
1 — uniform elongation, 6,,; 
2 — yield point, ds; 
3 — tensile strength, op; 
4 — reduction of area in the neck, Wy. 


cold working which is not relieved by relaxation at 
room temperature. The hypothesis of cold working 
of ferrite is confirmed in a paper by Moroz and 
Mingin [5] who observed similar phenomena during 
phase transformation, when secondary stresses de- 
velop as a result of changes in phase volume. 

Plastic flow of steel depends chiefly on the 
amount and properties of its soft component [7]. For 
this reason, any form of cold working of ferrite, 
which reduces its uniform elongation, will result in 
a reduction of uniform elongation of the steel as a 
whole, and this has in fact been observed experim - 
entally. Increased yield point and tensile strength 
are due to the increased strength of ferrite. 

An additional experimental confirmation of the 
cold working of ferrite under the action of second- 
ary stresses was obtained by studying the variation 
of its microhardness. The measurements of micro- 
hardness were made on a PMT -3 tester with a load 
of 50 g on its pyramid indenter. 

50 indentations were made in the ferrite grains on 
each of the sections prepared from a specimen im- — 
mediately after normalization and another specimen 
subjected to ageing for 150 days. The mean micro- 
hardness in the former case was 150 kg/mm? and in 
the latter, 175 kg/mm?. 

The reduction of the impact strength and the dis- 
placement of the threshold of cold brittleness into 
the region of higher temperatures is a consequence 
of the lowered uniform elongation. One of the authors 
of this paper has proposed a formula for calculating 
the impact strength from the results of tensile tests 
[8], from which it follows that a reduction of uniform 
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FIG. 2. Variation of impact strength: 
1 — immediately after heat-treatment; 
2 — after seasoning. 


elongation from 0.31 to 0.20 at constant tensile 
strength and reduction of area should lead to a re- 
duction of the work of flexion by approximately 
one-half. The curves of the impact strength in the 
region of ductile fractures confirm this conclusion. 


CONCLUSIONS 


1. Prolonged ageing of steel 3 at room tempera- 
ture after normalization resulted in a considerable 
reduction of uniform elongation, which is explained 
by cold working of ferrite under the influence of 
secondary stresses developed owing to the differ- 
ence of the coefficients of thermal expansion of 
different phases. The yield point, tensile strength 
and reduction of area increased slightly. 

2. As a result of the reduction of uniform elonga- 
tion, the impact strength decreased in the whole 
range of test temperatures, and the threshold of 
cold brittleness was transposed into the region of 
higher temperatures. 
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FLUCTUATIONS OF THE SPIN DENSITY IN THE ELECTRON PLASMA * 
V.M. YELEONSKII and P.S. ZYRIANOV 
S.M. Kirov Urals Polytechnic Institute 
(Received 26 March 1957) 


Fluctuations of the spin density in a system of interacting electrons are due to magnetic (spin- 
spin and spin-orbit) and coulomb exchange interactions. The presence of such fluctuations results 
in the development of fluctuating electromagnetic fields which affect the physical properties of the 
system (electrical conductivity, specific heat etc.). 

It would be of interest to discover the contribution to the dispersion equation of self-consistent 
interactions associated with spin. These interactions can be calculated by a method similar to that 


proposed in [1], using Pauli’s self-consistent equations Fe 


where eZno is the positive ion charge balancing the negative electron charge, 


(vive: — VY; +—— + crot ai, 


p= 191 = — 3, 
i 


t 
me 


3; is the magnetic vector of the spin operator of the i-th particle. 
Instead of this system of equations, an equivalent system can be used, as shown in [2]; 


py + div (pjV,) = 0, 
+ (V,V) V; [Vj H] + att, - 
as 


2 
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where €q is the unit vectors (a = 1, 2, 3) 


07 | 
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Additional conditions imposed on the system of equations are: 


he 


f.quations (1) have exact solutions 


V,;= V; = const; Sj=S; const, 


= = const; A= g= 0, 
The conditions 4A = ¢ = 0 lead to 


We will refer to the state of the system, corresponding to these solutions, as the fundamental state. 
To study states close to the fundamental state, equations (1) can be linearized. 

If the solution of the equations, linearized in this manner, is to be in the form of flat super- 
position waves eikr~i@t, then the condition of solvability of algebraic equations for the super- 
position amplitudes results in the following dispersion equations 


0 
(2) 
i 


for longitudinal vibrations, and 
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(where ¢,, is the unit polarization vectors) for transverse vibrations. 

Thus, the interactions associated with spin affect only the spectrum of transverse vibrations. 

In the above, the principle of similarity of particles (symmetry of the wave function) was not 
taken into consideration, and consequently the exchange effects have not been allowed for in equa- 
tions (1); they can, hqwever, be taken into account statistically by means of the distribution func- 
tion for the velocity V; in the dispersion equation. 

The Fourier components of the transverse part of magnetization, which are proportional to 


eikr—iwt 


also oscillate with a frequency determined by equation (3). 

The Coulomb exchange interactions have not been taken into account. However, a calculation of 
these interactions in the study of fluctuations of the spin density can be carried out by means of an 
equation proposed by Silin [3]. In the case of shielded Coulomb interactions between electrons in a 
metal, all three components of magnetization produced by fluctuations of the spin density of conduct- 
ion electrons will osccilate with a frequency 


w = vk, (4) 


where vo is the mean velocity in the case of Fermi gas. 

From the dispersion equations (2) and (3) obtained for the fluctuations of the spin density, it fol- 
lows that the fluctuations cannot substantially affect the physical properties of metals, since in the 
case (3) they are hardly excited by heat flow, and in the case (4) their contribution to field fluctua- 
tions is small compared with the usual elastic (sonic) vibrations. 
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CALCULATION OF MAGNETOSTRICTION IN STRONG MAGNETIC FIELDS * 
G.P. D’IAKOV and A.A. KOZLOV 
M.V. Lomonosov Moscow State University 
(Received 18 March 1957) 


In the papers [1, 2] by one of the present authors, 
concerned with the investigation of magnetostriction 
in the region of strong magnetic fields, the deriva- 
tion is given of an approximation law of the satura- 
tion of magnetostriction and other phenomena. These 
calculations show that, in a given range of fields, 
magnetostriction is described by the relationship 


In the case of materials which are isotropic as 
regards magnetostriction and for which ,Ago=Aiui, 
formula (1) becomes transformed into 


(2) 


Similar calculations were subsequently repeated by 
Lee [3], and his results once again led to the rela- 
tionship (1) and (2). Further studies of this problem 
followed the lines of calculation of internal elastic 
stresses [4], magnetic interaction between the crys- 
tallites [5] and the para-process [6]. 

However, in all the above investigations, only 
the terms containing H* and 4~ were used in the 
approximation law of saturation. 

It is of interest to discover how justified is the 
rejection from equation (1) of the term containing 
H*. 

Using the method described in the investigation 
[1], we have obtained the following a proximation 
equation for saturation in materials which are iso- 
tropic as regards magnetostriction: 
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73” (5) 


With the above expressions it is possible to deter- 
mine the value of the term c/H* which, without any 
foundation, has been rejected as a small magnitude 
in the previous investigations. 

Let us assess how much greater the second term 
in formula (3) is compared with the third, whose 
value is normaly neglected: 


(6) 


From the expression (6) it can be seen that, if 

1,H >k, the third term in formula (3) is in fact 
small and can be neglected. Knowing the values of 
I; and k for the material investigated, it is now pos- 
sible in each specific case to determine the contrib- 
ution of the term containing H~ to the approximation 
law of saturation. 
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TIME OF PARAMAGNETIC LATTICE RELAXATION 
FOR SALTS OF PARAMAGNETIC IONS IN THE 
S-STATE 


SH. SH. BASHKIROV 
(Kazan State University) 


(Received 27 November 1954) 


A theoretical treatment of the times of paramagnetic lattice relaxation in Mn(II), 
Fe(III), Gd(III) and Eu(II) salts. Calculations are made about direct, and about 
second order, processes. The effect of the hyperfine structure of the energy level 
on electronic relaxation is calculated. 


1, INTRODUCTION 


Among the many papers on the theoretical calculation of the time of paramagnetic relax- 
ation, there is only one on the paramagnetic salts of elements whose ions are in the S-state 
(1), in which there is a detailed study for ion-rubidium alums of the direct processes, and a 
preliminary estimate is made of relaxation due to the combination scattering of phonons. It 
is therefore desirable to extend the study of this matter and to examine from the same view- 
point all paramagnetic ions in the “state (Mn2", Eu2*), 

We assume that the interaction between magnetic ions and a lattice involves modulation by 
the thermal vibrations of the intra crystalline electrical field [2,3]. This mechanism of 
relaxation is usually considered as the main one for paramagnetic salts. 

The electrical field acts directly only on the orbital motion of electrons, and acts on 
the spin state through the connexion between spin and orbit. Hence it should not split the 
energy levels of ions in the S -state, since the electron sheath has spherical symmetry and 
no orbital moment. The comparatively small separation which is nevertheless observed in such 
cases, is explained by the impurity state with non-zero orbital moments, i.e. that these 
states are not pure S-states. This makes it possible to base all calculations on electron 
spin, as the total moment of the electron sheath, including a certain non-zero orbital moment. 

Since the electrical separations are small, spin-lattice interactions will be weaker than 
for other paramagnetic ions, and the result is a greater relaxation time. We can, therefore, 
say that relaxation processes dependent on modulation of the magnetic interaction of ions by 
lattice vibrations will be very important [1]. However, the value of the latter falls with 
dilution rapidly. Many of the experiments which are made on paramagnetic resonance are made 
on magnetically dilute salt [solutions]. 

The paper also presents an estimate of the effect of the nuclear moments on electronic 
relaxation. This problem arises because in certain of the ions examined, the hyperfine 
structure of the energy level is of the same order as the electrical separation. 

The problems considered have certain similarities, which makes it possible to make 


generalizations. 
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2. OPERATOR FOR SPIN-—LATTICE INTERACTION 


Let us take the Kronig expression [2] as the Hamiltonian, describing the interaction of a 
paramagnetic ion with lattice vibrations [2], this expression being the linear term in a 
series expansion of the crystal lattice electrical potential, for normal vibrations. For 
convenience we will write it in a somewhat modified form, and with a different notation: 


3cEqz 
G — 322), + > (x? — Dy + 4 + | 
a 
2 

Here uy, uy» and u, and Ye? ,and AZ are cosines respectively defining the directions of 
polarization and of the velocity of propagation of an elastic wave; q is the normal 
co-ordinate, E is the effective charge; ¢ = 2nav/e where c = the velocity of sound, a = 
lattice constant, V is the frequency of the lattice vibration. For a consideration of 


combination processes, as is shown below, this expansion must be continued to the second 
order in the normal co-ordinates. 


4xzQ, + 4yz0,]. 


= 2 (Qu — Uy — Uylly) + — + 


(Uylly — Uyly) + UzUz— + 


Qs = + Wyte) —— — 
= (ute + us) — — 


(q and q'’ are the normal co-ordinates). 

The probabilities of direct and combination processes will be determined by the means 
usually adopted in relaxation calculations [3]- 

We also note that for the S-state the consideration cannot be limited to transitions 
between low energy levels, since the separations are small (AE <KT) and the populations of 
all levels will be almost identical. 

We will calculate the relaxation time with the Gorter equation [4] which is just what we 
need for our problem (AE <KT). 
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3. SALTS OF Mn(II) 


For the ion Mn2t in the 5S_state, the Hamiltonian operator, with allowance for the action 
of the electrical field of the crystal, the external magnetic field, and the hyperfine inter- 
action has the following form [5]: 


] 
H = + D|S:—— S(S + 
(4) 
For Tutton’s salt of manganese D = 0,025 em™' and A = 0.009 cm” [5]. 
When the external magnetic field is directed along the axis of symmetry of the crystal 
electrical field, (H = H,) the eigenfunctions and eigenvalues in equation (4), without 


allowance for hyperfine structure, can be classified ity the values of the magnetic quantum 
number 4, determining the electron spin state: 


¥=0,, Ey = +D|Mm—— +1)]. 
This equation is applicable to cases of strong and of weak magnetic fields. 
OL. Allowance is made for hyperfine structure for strong magnetic fields (g 3H >D) to a 
6 first approximation by adding to equation (5) a term Alm, where m is the quantum number 


defining the projection of the nuclear spin. 
To determine the probability of direct processes, let us use equation (1) as a perturb- 
ation. The non-zero non-diagonal matrix elements of this operator are [6] : 


M—1) = (2M —1)// (S + M)(S—M +1) (®,—i,), 


2a4 


Vo +M)(S—M +1)(S + M—1)(S —M 


constant) 
The matrix elements of the normal co-ordinates of the lattice are given by the well— 
known expressions: 
V n+ 


| Va (7) 


With equations (6) and (7) for the probabilities of transitions with emission of one 
quantum of elastic vibrations of frequency Vv = AE / h we obtain (with the usual methods [3]): 
2M — + M)(S— M+ 1) 
A = 127, A7F3 


M,M-1 = 


» M—2/K 


q(n+1, 


l—e 


on 


whe re Ce and c, are the rates of propogation of longitudinal and transverse elastic waves, and 
P is the crystal density. 
Hence for the relaxation time in strong magnetic fields we find, with equation (3), the 


following: 


3 
(S) 
(6) 
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1 9 
5 (9) 
~ KT + H2)2 
Here Ht is the square of the effective internal magnetic field. The numerical value of A can 
be eaihine estimated from the value of the separation in the electrical field of the crystal [6]. 
For the study of combination processes, we use equation (2) as the perturbation. Its 
matrix elements, needed for subsequent calculations, are: 


| 9 


-V (S+M)(S—M 4+ 1)(Q,—iQ,), 
( — 


.V(S+M)(S—M + 1)(S + M—1)(S— M 4 2)(Q,— 2Q,). 


Whence we obtain for the probabilities of transitions of phonons by combination scattering: 


Ay (2M— 1)?(S + M)(S—M + 1), 
= (S + M) (S—M +1)(S+M—1)(S—M +42), 


Koh 
yn 


el ‘KT 


1)? 


dy, 


where 6 is the critical Debye temperature. 

The probabilities (11) are obtained with equation (2), and the theory of perturbation in 
its first approximation. They can also be determined with equation (1), if the second 
approximation in the perturbation theory is used. The values thus obtained differ from those 
in equation (11) by a factor of the order (2D + g BH) A"I,h*T, “1 for any practically 
accessible fields and temperatures. This determines the choice of equation (2) as the 
perturbation for calculations about combination processes. 

For the relaxation time we obtain, with equation (3), (5) and (11) 


224D2 + 105 (gf)? ( Ht + 
t= (12) 
96-42-44, 596D* + 91 (H? + 


This equation is applicable to strong and weak fields. The internal magnetic field can be 
calculated with equation (4) 
= 14,4g82S(S + 1) n?. 

In our case, (6 BH,)? > D?, so that in transition from strong to weak fields, the relaxation 
time calculated with equation(12) is halved, and it is cut by two-thirds when there is strong 
magnetic dilution, (¢8H,)? <D? and a change is made from a strong to a weak magnetic field. 
This latter is because in such a change the heat capacity, and the coefficient of thermal 
conductivity, between spin system and lattice, do not change to the same extents. 

Correction for hyperfine separation in strong magnetic fields leads, in first approx- 
imation, to the foilowing expression: 


4 
(11) 
‘ch\ 3N 
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224D? + 306A? + 105 (g%3%) + 


96- 596D? + 26542 + 91 + 


For H = 3000 Oersted, the value calculated with equation (14) differs from that calculated 
with equation (12) by about 0.1 per cent, that is, in strong magnetic fields the hyperfine 
structure has practically no effect on the relaxation time. 

It has been found experimentally that at temperatures above those of liquid helium, 
where double—phonon processes are the most important, transition from strong to weak magnetic 
fields does not change the order of the relaxation time [4]. From this it can be concluded 
that even in weak fields, hyperfine interaction cannot change the order of T. 

Let us estimate the constants in equations (9) and (12) needed for numerical calculations 
of 7. For the sonic velocity we use the value adopted for alums, that is c, = Cy = 2.3 x 10° 
cm/sec [3]. A, estimated from the electrical separation, is 10'erg, and Pp = 2 g/cm*. 

With equation (9) for single phonon processes we find for an external magnetic field of 
3000 oersted, 7 = 0.1/T sec. 

The temperature dependence of 7 for combination processes is determined by the integral 
I, an estimate of which is to be found in [3]. With equation (12) in strong magnetic fields 
at 1, 10, 90, 195, and 290%, we find 7 = 107, 1, 8 x 105, 1.6 x 1075 and 0.6 x 1075sec 
respectively. 


4. SALTS OF FE(III) 


For the reason enunciated in section 1, we shall here only consider combination processes. 
The basic state for the Fe** ion is the °S state, as for the Mn2* ion. In strong magnetic 
fields the relaxation time for iron can be estimated with the same equation, as for manganese, 
i.e. equation (12). In weak magnetic fields the solution will depend on the symmetry of the 
intracrystalline electrical field, so that this problem should be considered specially. 
According to (1), the Hamiltonian for iron alums can be written: 


H = g3HS +55 +1) S—1)], 


D =0.0134 cm 


and its eigenfunctions and eigenvalues are: 


En Ey=——D# V w= 


E, Eg=DF —G, 


| 
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With the eigenfunctions in (16) we determine the matrix elements (2): 


(old) (29, — 
Calf) Q, = (big), 
(alg) = 1Q, + iQ], 
(Of) 1Q,— iQ), 
(aid) =2//3 1Q,— 
( ble) = 1Q, + 1), 
(dif) =— 2) 15 [Q, + 
(og) =2V 15 1Q,— 
(dg) =—V15 (Q, — 
(df) =—Y15 1Q, + 410), (17) 


The probabilities of transitions, calculated with equation (17), are: 


2 
Ag, = Aga = 5” Ay = 21, 


3 
Age = A 


1] 3 
Aagg=Ay=> Ags = Arg = 


/, (ce + 9 Cr (18) 


whence 


o7p* + (H? + — 
2 


1 + 88(H? +H?) 


t= 


This last equation is applicable only to considerable magnetic dilution (D >gA8H;). In 
undiluted Fe(III) salts the internal magnetic fields can be of the order of 1000 oersted, and 
the electrical separations are comparatively small — of the order of 0.01 cm” 1 Hence for 
undiluted salts in our case weak magnetic fields are meaningless. 

With sufficient magnetic dilution, a transition from strong to weak magnetic fields will 
be seen from equations (12) and (19) to reduce 7 by 84 per cent. 

The temperature dependence will be the same as for Mn(II) salts, being determined by the 
same integral. 

Numerically, the relaxation times do not differ considerably from those for manganese, 


since the electrical separations in both cases are of the same order. 
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5. SALTS OF Gd(III) AND Eu(II) 


cat and Eu2* are in the 4f’’* S-state. The Hamiltonian for gadolinium ethyl sulphate, 
covering the action of the electrical field of the crystal and of the external magnetic field, 
is: 


H = + A? (3S2 —S(S + 1)] +A4 (35S? — 308 (S + 1)S2 + 
+ 25S; — 6S(S + 1) +3S°(S + + Ag [23182 — 3158 (S + 1) S? + 
+ 7358! 4+ 1058? (S + 1)? — 5258 (S + 1) + 29487 — 5S°(S + 1)° 4- 
+ 40S? ($ + 1)? — 60S (S + 1)] + Ab + + 


3A$ = = 200.3; = v4 = 4; 1260A$ = = 0.52; 
360A8 =—4; (x107* 


In subsequent calculations we shall ignore the last term of this Hamiltonian, since its 
diagonal matrix elements are zero and also |349 |> |36048 |. Hence, if we direct the external 
magnetic field along the axis of symmetry of the electrical field of the crystal, the 
Hamiltonian will be diagonal to the magnetic quantum number HM, which immediately determines 
the spectrum of its eigenfunctions and eigenvalues. For the same reason equations (6), (8), 
(10), and (11), deduced in the genera! form for Mn2*, are also suitable for calculations in 
the present case. 

With equations (3) and (8), we obtain for single-phonon processes in strong magnetic field: 


+> 


| | 


(21) 


Relaxation times for combination processes we determine with equations (3) and (11): 


9 I 9 
21 (x H?| + + 2580 + 17002 


t = . 
273(H? + H?) + 254905 + 3026004 + 2031005 


The latter equation is suitable for strong and weak magnetic fields. 

The dependence of 7 on temperature and H is the same as for Mn?" 

The electrical separation in gadolinium ethyl sulphate is about ten times that for 
manganese salts, so that the relaxation time will be only about one hundredth of its value for 


manganese. 
In strong magnetic fields (21) and (22) will determine 7 also in Eu(II) salts. 


CONCLUSION 


The experimental values of 7 , obtained by the parallel fields method for the 
Tutton’s salt of manganese [4] are one—fiftieth of those we have calculated (see Table below). 
The dependences on temperature and the external magnetic field are very close to the cal- 
culated figures. 
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TABLE 1 


Weak fields Strong fields 


Tx 10 Tx2x 10‘ Tx 10° Tx 2x 104 


experimental theoretical experimental theoretical 


0.9 0.8 1.8 1.6 
0.15 0.16 0.31 0.32 


0.063 0.06 0.13 0.12 


The experimental value of 7 for cat at 290°K [4], 7 0.65 x 107” sec, is of the same order 
order as the calculated valuer 

Since calculation yields for the relaxation times in Mn(II) salts values which are about 
50 times the experimental values, it can be concluded that in concentrated Mn(II) salts the 
important factor in the relaxation mechanism will be the dipole-dipole interaction. The 
temperature dependence in this case should agree just as well with the experimental figures 
(being determined by the same integral I, [1]). The importance of magnetic interactions will 
decrease with dilution, and at a certain dilution relaxation should occur by the mechanism we 
have outlined. 

The main defect in these calculations is the inexact knowledge of the constants in our 
equations, particularly in relation to the determination of A. Reference [8] also describes a 
study by the parallel field method of Mn(II) salts which was found to increase with dilution, 
which is in agreement with our ideas about the mechanism of relaxation in concentrated salts. 
But this method is rather insensitive and is useless for fairly high magnetic dilutions. 
Measurements must therefore be made on the saturation of paramagnetic resonance lines. 

These experiments would yield more accurate estimates of the constants and throw light on 
the mechanism of relaxation, which in this case is not entirely clear. 

The authors are very grateful to S.A.Al’tshuler for suggesting the study and for his 


helpful advice. 
Translated by R.C. Murray 
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ANTIFERROMAGNETIC METALS* 
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The energy spectrum of conduction electrons in antiferromagnetic metals, used in [1] 
for finding the temperature dependence of the electrical conductivity on an s-d-exchange 


model. 


The electrical conductivity of antiferromagnetic metals has already been studied on an 
s.d_exchange model [2]. However, in this study only low temperatures were considered, for 
which additional terms in the electrical resistance expression were obtained, due to the 
scattering of electrons by antiferromagnons. In the preceding paper [1] it was shown on the 
basis of the usual band theory that in an antiferromagnetic crystal there can be a separation 
(splitting) of the conduction band, which causes an anomalous electrical resistance close to 
the Neel temperature. We show here that the same effect is obtained in the solution of the 
problem on an s-d-model. Light is thrown on the meaning of the coefficients in the energy 
spectrum deduced in (1), and also on the conditions necessary for the appearance of the effect. 

Let us start with the usual form of the s-d-model [3] as applied to an anti ferromagnetic 
metal [2]. The Hamiltonian for a system of S-conduction electrons, interacting with electrons 


inside the d-shell, is: 
H = Hs + H4+H%, (1) 


where H® is the part of the Hamiltonian corresponding to conduction electrons, Hn? is the part 
corresponding to the d-shell electrons, and Hsd is the term for interaction of these two 
groups of electrons with one another. We assume that there is one d-electron per lattice site, 
and at T = 0 all the spins of the d-electrons of the antiferromagnetic are ordered, so that 
the whole crystal consists of two sublattices , in each of which the d-electrons have 

We shall also assume that there is a constant number of conduction 


identical spin directions. 
Adopting as the 


electrons, the mutual interactions of which will, as usual, be ignored. 
initial an atomic representation for conduction electrons, we write the secondary quantum 


s 
Hamiltonian H” as: H = L(n, n’) Onts, 


n,n',a 


(2) 


where ‘ 
L(n, =) Hi (r) (r) de (3) 


is the matrix element of the electron energy operator irf a periodic field and ¢ 6 are the 


atomic wave functions of the electron at the lattice site n. By making a Fourier expansion of 
equation (2), one can easily obtain also H* in wave number space, that is in the form in which 
H® is to be found in (2, 3], and elsewhere. We shall not here set out the forms of Hn? and Hs 
since they are completely analogous to the corresponding original expressions in [3]. 

The further procedure consists in expanding the complete Hamiltonian (1) for the two 
sublattices, which we shall denote by the subscripts f (positive spin direction) and g (negative 
spin); in its general form, the expression is rather cumbersome. However, here we shall only 
be concerned with temperatures close to the Neel point, at which it is known that the energy 
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e.g. method for a system of d-electrons [4] gives good results. The application of this 
method to an antiferromagnetic crystal means that we consider only the terms which are 
diagonals in the d-electron operator, and we introduce the magnetization intensity 4, and 
assume the following values for the numbers of filled d-states ny, and Ngdo 


] 
= (1+ Meas = (1 — 20) (0<p <1), (4) 


where 0 is the electron spin, + %. (Generally speaking, Mg and Mg should be written in 
equations (4) for the f and g sublattices, but in the equilibrium case considered Me = Mg © Ul. 
By introducing equation (4) into the Hamiltonian, and also adopting the nearest 
neighbours approximation, we find: 
H + [L!(0) + + 
+X [L¥ (0) (0)] +X (h) + 2oph (A)] ajeags + 
&. f. & 3 


+ [L*(h) + 2opa*(h)] 


If we were to take into consideration also the next nearest neighbours, there would be another 
term in equation (5) of the form: 

fall, 
whe re* i. 
n (g) 

is the potential energy of the conduction electron at an f-site at pu = 0, [Wnd, f) is the 
coulomb, and TSX nd, f) is the exchange integral between the conduction electron at the f-site 
and the d-electron at the n = f,g site) and: 


(0) =— (fd. N+ 
(g) 
is the addition to the potential energy of the conduction electron at the fAsite for uw = 1, 
which as can be seen from equation (5), has a positive sign if the spin of the conduction 
electron is the same as the spin of the sublattice, and has a minus sign if the spins are 
opposed. L® (0) and d£ (0) are completely analogous to Lf (0) and f (0). Also: 


L(h) =L (J, 2) + F(nd, f, nd, g) — —F f, fd) — 


———F (gd, f, gd) 
(h) = — > F (fd, f, g, fd) + F (fd, f, g, gd) 


are the non-diagonals matrix elements, connecting the states of the electrons in the 
neighbouring f- and g- sites, at a distance A (apart). Finally, L,(h') and A,(h") are 
similar in form to L(h) and \(h) and are non-diagonal matrix elements, connecting the states 
of an electron at the nearest sites inside the given sublattice, at a distance h’ [apart]. 
We will assume that the wave functions at the different sites inside a sublattice overlap very 
weakly, so that H’ is small compared with the terms in equation (5), and can be neglected. 

Let us now make the Fourier expansion for the operators a¢ and 4, assuming that the 
lattice constant of the antiferromagnetic lattice ts twice that of the non—anti ferromagnetic: 


*The summation subscripts being put into brackets means that the sum relates to nearest 
neighbours. 
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and correspondingly for the conjugate operators 
Equation (5) then assumes the form: 


H = Ho +H4 +2 + 


5 


+ [Lé& (0) — pis (0)) 1 (A) + ph 


a* 
+ [L* (4) —pa* at 1a 


In equation (8) there are non-diagonal terms of the type 2 wor and 
easily effected by linear nae agen 


+ [L*(h) + at 


Diagonalization is 


Lng = + (9) 
where A-D are real coefficients. 


After diagonalization, the Hamiltonian is the sum of terms, 
representing the energies of independent quasi-particles 


(10) 
(1 9) 1 ’ 


+e 1 +8, 


1 


{L1(0) + (0) + » (0) — — 


> V (£10) —Le (0) + (0) + 


(LO) + Le) )— O)]) — 


Vw (0) — Le (0) + p (0)}}? +4] [L (A) + pd (A)] 


and correspondingly for Eto having opposite signs in fveiit of the square root signs 
But with our assumption that ~~ sublattices are completely equivalent, 
L*(0) = L&(0) = L(0) and 80) = rf (0) = ee Also \(h) = 0, so that equation (11)becomes 


~V (0)+ 4 L (h) exh, 


¢ 


L (0) + — + 4| |* 


(12) 

Equations (12) coincide in form ae siping with a corresponding equations in [1]. 
However, instead of X% there is (0) = -J* qd fa, d) + Ar dl ga, f), that is the energy of exchange 


11 
2\3 inf inf 
a, =(— a =(— 
K K 
1 ~— 1 
a de a (+) de 
K 
(8) 
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interaction of a conduction electron with the @electrons of its site and of its nearest 


neighbours. 
If we were to take H’ into account, that is the overlapping of wave functions inside the 


sublattice, there would be a term in front of the_square roots in equation'(12), depending on 
x [instead of L(0) we would have L(0) + =L,(h')etkh] exp(ikh)]. Then if L,(h') > M0), both 
bands of the spectrum obtained, 2 and 2y would overlap and there would be no splitting. The 
concordance of the experimental results discussed in [1] with the case we have considered 
forces one to assume that L,(h') is actually small, which physically corresponds to localiz- 
ation of the conduction electrons in the individual sites of the crystal lattice on appearance 


of antiferromagnetic order. 


Translated by R.C. Murray 
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APPLICATION OF THE GREEN FUNCTION METHOD TO THE 
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By the Green function method the problem of the plasma vibrations and the screening of 
the external field in a multi-electron system is studied. Attention is paid to the 
anisotropy of isoenergetic surfaces. 

By a series expansion of the mass and polarization operators in powers of the bond 
constants, explicit expressions are obtained for the plasma spectrum and the law of 
screening. 


1, INTRODUCTION 


Successive allowance for the Coulomb interaction between electrons has so far been the 
basic difficulty in the theory of metals. It has been shown [1] that in a number of kinetic 
problems this problem can be circumvented by simply postulating the existence of some spectrum 
of elementary excitations. There are, however, problems in which a dynamic consideration of 
a multi-electron system is obviously unavoidable. Among these is, in the first place, the 
problem of the effect of various structural defects on the energy spectrum of electrons (in 
particular in the theory of chemisorption on a metal); furthermore, dynamic considerations are 
evidently desirable for a complete investigation of the characteristics responsible for the 
appearance of the Bose branch of the spectrum, in particular plasma vibrations (actually the 
first and second problems are fairly closely connected). 

Recently there has been some success in this direction with what is called the 
“superfluous variable method" [2,3]; and also with a quantum kinetic equation [4,5], but both 
methods have serious defects. In the first (in the case of Fermi systems) serious difficulties 
arise in allowing for the additional condition appearing because of the introduction of the 
superfluous variables. Moreover, the connexion between the Bose and Fermi excitations assumed 
to be small, is evidently not so. Finally, it is logically not wholly satisfactory to 
introduce artificially a limited pulse of Bose quantum, hk: The limiting possible values of 
the wave vector k should not be imposed but obtained naturally. (These critical remarks apply 
equally to the theory of an electron plasma in semiconductors [6,7] and should therefore not 
be regarded as aimed at a complete discrediting of the “superfluous variables" method. In 
certain problems it can be quite satisfactory; however the conditions for its application need 
further refinement, which is one of the problems of the present paper, see Section 5). 

In the second of these methods no correlation is assumed between particles due to their 
interaction, and the equilibrium distribution function (here and below we mean the distribution 
function in the ground state of the system) for real particles is either not specified at all 
explicitly (which makes it impossible to determine the form of the spectrum) or is assumed to 
be the same as for an ideal gas. 

All these complications can be avoided if the Green function method is used. It can be 
shown [8] that the poles of the Fermion and Boson Green functions determine the excitation 
spectra of, respectively, the Fermi and the Bose branches; the distribution function (e.g. for 
momenta) for interacting particles is not imposed a priori in this method, but is obtained by 


*Fiz. metal. metalloved. 6, No. 4, 590-600, 1958. 
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a solution of the equation, for whose formulation in the theory of interaction it is necessary 
to know only the distribution function of the corresponding gas [9]: finally no complications 
with additional conditions arise since superfluous variables are not introduced, and the 
Boson Green function (in the Coulomb problem) can be written immediately in such a form that 
the Maxwell equation is satisfied. We note also that the results of the perturbation theory 
in this case can easily be improved with renormalizing groups [10]. 

In this paper we discuss the problem of an electron gas with Coulomb interaction. For a 
specified concentration of electrons n, the distribution function for non-interacting particles 


here has the form of a Fermi "step". 


2. FUNDAMENTAL EQUATIONS 


For an application of the Green function method it is convenient to introduce explicitly 
a quantum field transmitting the interaction between electrons. The Lagrangian for interaction 
in our case has the form (we will use the theory of interaction, h = 1): 


L (x) = Ay (x) (x) + (x)} = — (fb, (x) (x) +9 (x)}} (x). (2.1) 


here yu = 0,1,2,3, Ay is the four-potential, Ty is the external current, Ju is the four-current 
of electrons, s = spin number, 


Xo}, p= — Ay g?=4ne 
(the factor 47 arises because the field is measured in a Heaviside system; x, has the dimension 
of time). Being interested only in the Coulomb interaction, in the absence of an external 
field we can use the approximate expression for L(x) in the second line of (2.1). 

The packets of free fields are determined by the equations 


(x, y)=—i T {A, (x) A, o» 
Gs (x,y) =i(T (b, (x) 


the operator is represented as: 


(xX) = ~ 9, (x) exp [— iW Xola, (2.4) 


where A is the set of quantum numbers defining the intrinsic state of the one-electron 
Hamiltonian (with an allowance, if necessary, for the field of an ideal crystal lattice), WA) 
and @ (x) are the corresponding eigenvalues and (normalized) eigenfunctions, a) s are the 
operators for annihilation of the particles in the state 4. It will be assumed that the value 
WA) does not depend on the spin quantum number (it is quite easy to generalize for the case 
of ferromagnetic systems). Then for Gos) we find quite easily 


= G, (x, y), 
me exp [— ipo (Xo — Yo) 
G(X, y) = On | (x) (y) Po— W (d) + ine [W — Wp] 


where Wr is the boundary Fermi energy, 7 7 0, 770 


= | 
—l,u<9. (2.6) 
For our further treatment it is convenient to use the Slater method fii), in which (with 


neglect of the virtual interzone transitions) the periodic field is allowed for by replacing 
the kinetic energy operator by W ( -iV) (Wp) is the energy as a function of the quasi momentum 
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p. We are thereby restricted to the case of non-degenerate zones). The function ¢ (x) in 
(2.5) is simply transformed into plane waves and the subscript A is a set of three components 
of the quasimomentum. The function Go becomes: 


Gy (x, y) = dp exp[—i(p, x—y)]Go(p); px = —- Px, (2.7) 


0 (P) (2n)4 Po— (p) + [W (p) — Wp] 


The Boson spectrum can of course be written: 


(2 8) 


D® (x, y) = de do exp[— iw (x, —yo) + x —y) DE 0), 


c 
9 


l 


~~ 


The system of equations (2.1) - (2.3) and (2.5) - (2.10), rewritten in the Schroedinger form, 
is equivalent to the usual multi-electron problem in a crystal, the potential of interaction 
between electrons being determined by the Maxwell equations with the quantum density of charge 
(and current) in the right-hand side. (In our approximations, of course, only the Poisson 
equation remains, and of all the values of D, we are interested only in the component Doo ’ 
which practically coincides with D), since ky /k,? k* is of the order of 1/C?. The complete 
Fermion and Boson Green functions, and likewise the effective potential @(x) are determined by 
the following relationships (we are interested only in the 0,0 component of D, functions* 


omitting the vector subscripts): ° 


Got (XY) = (2.11) 
__ (x) 
D(x, y)= (2.12) 


® (x)= i 
(x) ap (x) (2.13) 
where the matrix S has the usual equation 


a 


S =T (exp L(x)dx]}. (2.14) 
In the absence of magnetic interaction 

Gsse (x, = (x, y). 
The equations for the functions G, and D can easily be found by, for instance, the method 


given in [12]. We obtain G(x, y)= Go(x, y) dz Gy (x, z)G(z, y) ®(z) — 
— { dz'dz"Gy(x, 2’) M(2’, 2”) G y), (2.15) 


(x) = dy Dy (x,y) (0(v) +igG(y. y)), (2.16) 


D(x, y) =D, (x, y) + D, (x, 2') P(z’, 2”)D(2", y). (2.17) 


*The limitation to the 0,0 component is not essential in principle. The complete system of equations 


for the tensor Diy is known to reduce to the equation for only one scalar function. 
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where the "mass" and polarization operators # and P are: 


3 1/57 
M(x, y)= — ig? | dz'dz" G(x, 2’) on D(z", x), (2.18) 
2" 
P (x, y) = — 2ig? de’de” G (x, 2’) G(z”, x) (2.19) 
6 


(the factor 2 in the right-hand part of equation (2.19) appears as a result of taking a hole in the spin 
indices). When equations like (2.15) - (2.17) are used it should be remembered that equations (2.11) 
and (2.12) define the functions G and D only at x? Fm. When the arguments coincide 14] a T-product 
is needed in the supplementary definition. In the case in point this can easily be made on the basis 
of a condition of the type of no self-action etc. In particular, in calculating G (x,x) we always 
take the limit lim G (x,y) with the condition X, < Yo; in other words, when the integrals are calculated 
on >, the integration contour is closed in the upper semi-infinite space. Then 

G(x, x) = —in(x), (2.20) 
where n (x) is the average (quantum-mechanical) concentration of electrons at the point x. 


3. THEORY OF PERTURBATION 


To solve equations (2.15) and (2.17) we shall use the theory of perturbation developed 
in [9] (expansion in series of the mass and polarization operators. Since the limiting plasma 
frequency is proportional to a, it is obvious that plasma effects should not be lost in this 
approach). It is convenient to introduce nondimensional variables, different for metals and 
for semiconductors. In the first case we select as the fundamental units h, Wr and 2m (m = true 
mass of the electron, equal to % in this system of units). The units of momentum, cyclic 


frequency, length and charge will then be: 


h W 
2m, Wr, Wr/h, 


Thus the non-dimensional charge is: 


eV 
Wp 
Actually, (3.1) is not small for typical values of Wp; however in actual fact the expansion is 
made on a parameter whose form can be established only with renormalization groups; this matter 


. (3.1) 


will be the object of a separate communication. 
In the second case, we take h,n7® and Eo = me*/h? as the units of action, length and 


energy (n is here the concentration-of current carriers; we consider only a semiconductor with 
carriers of the same sign). Then the units of momentum, cyclic frequency, mass and charge 


will be 2 
hin” 8 


The non-dimensional charge will be 


ens (3.2) 
Ey 
Note that for atomic semiconductors like germanium or silicon e” is the square of the charge 
divided by the dielectric constant of the substance, which here we consider to be a scalar. 
Allowance for anisotropy of dielectric constant is not difficult. 
All further calculations will be made in non-dimensional units (for which we retain the 
original designations b, k...). It can easily be seen [9] that* 


(x —2)3(y —2) +0(8%); 
tg® (z) 


*Equation (3.3) means obviously replacement of the peak part [‘ by unity. Actually by definition: 
tG—! (x, y) 


T(x, vi 2= 
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and replacing G and D in equations (2.18) and (2.19) by G) and Dy, we obtain the known 
approximate equations for mass and polarization operators. 


M(x, y) =— ig?G, (x, y)Do(y, x) = —Y), 
P(x, y) = — 21g? Go(x, y) Go(y, *). (3.5) 


Note that the use of equations (3.5) for the polarization operator means that, in 
particular, we neglect the effect cof structural defects on the Rose excitation spectra. This 
effect can well be allowed for by the formation of "local levels" for the Bose excitation; 
however in the problems in which we are interested this is not an important matter. 

Since in approximation (2.7) Godepends only on x-y, equation (2.17) can be immediately 
solved with (3.5). Applying: 

D(x, y) = exp [— iw yo) + x—y)]D(K, @), (3.6) 
we obtain 
D(k, ») = Do (k, ) (3.7) 
where — Dg w) P(x, 
P (Kk, = — {ax exp — ik x] x) Go (x). (3.8) 
The effective potential in this approximation is also given by: 
(x) = | D(x, y)e(y) ay. (3.9) 
Here we should only have in view the neutrality condition, from which it follows, in 


particular, that in the absence of a structural defect (x) = 0 (after fulfilling all the 
vatiations). Actually the field of an ideal lattice is already allowed for by the form of the 


function W (p). 


4. PLASMA VIBRATIONS 


From equation (3.8) it is clear that even in the absence of real poles in D) (kw). This 
means that as a result of electrons interacting with one another Pose excitations can appear 
in the system; in this case (spatially homogeneous distribution of electrons in the ground 
state and absence of spin effects) these excitations, obviously, are the usual plasma 
vibrations. (It is worth noting that, as is obvious from the whole exposition, one, but 
obviously not the sole, of the main reasons for the appearance of a Bose spectrum is the Pose 
character of the field transmitting interaction between electrons). For an investigation of 
their spectra one must calculate the polarization operator P (k,w)* For long-waves (small k’s) 
this can be done in the usual form. Actually, in virtue of (2.7, 2.8 and 3.8) we find 


W (p) —W(p—k) — » + ive [W(p —x) — Wp) 
W (p) —W(p +o + ix: [W (p +6) —Wp 


(4.1) 


The line over the integration sign means that the region of integration is bounded by the 
condition W (p) < Wp. [Note that P is an even function of & (for a completely trivial reason: 
the theory is invariant relative to the replacement of t by -t hence for the energy of a Bose 
excitation in any approximation we obtain an equation with a square root as found in [2]], 
Expanding the expression within the integral in a series of ascending powers of k, we obtain 
with @ > kvp, IP = 0 


8g? 


+ + i,j, m,n =1, 2, 3, 


J 
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where the tensors Vi [ij characterize the form of the iso-energetic surfaces in the 


non-excited problem and are defined by the equations: 


3 ( -aW(p) 
d 


8r dpiop; ’ 
Yjnn = — d 


n 


Sijmn = 


awe) aW(p) aW(p) 
8x OPn 


in particular, in the quadratic approximation, when 


3 
(4.6) 
we obtain 


(without summation on i) (4.7) 


(4.8) 


Sijmn = —— 


5 mn 
V 242925 (4.9) 


(the quantities W (p), p; are calculated from the values corresponding to the energy minimum; 

a; >? 0). 

With a, =a, =a, =a (isotropic approximation), P (k,w) can easily be calculated completel 
completely; we obtain (assuming for convenience a = 1 and kvg <wW; in the opposite case there 
would be damping, or the imaginary part of B would differ from zero): 


w) jan? — w? — (2K — x?)? 

4k (w + 2x)? — xt 


(4.10) 


The direct expansion (4.10) in k of course gives again (4.2) in which the tensors [, V, O, 
have the values (4.7)-(4.9), a = 1. Thus in the long-wavesregion the pole of the Boson Green 


function will be 


2g Kj Kj KjKjK mK nk jK jK mK. 


Ke K2 


(4.11) 

In particular for a metal, in the isotropic quadratic approximation, we obtain the result 
previously found in [15]. Equation (4.11) determines the spectrum of plasma vibrations in an 
anisotropic medium, generalizing and refining the result [16]. (In this paper, evidently 
because of the special features of the quasi-classical method used, a term with Vi jmn is not 
obtained). Plasma vibrations can arise not for any form of the isoenergetic surfaces (the 
quadratic forms in (4.11) are not always positively definite). It is in theory possible that 
Hi; * 0 (i.e. the limiting plasma frequency is zero) and the tensors V and O are not zero. 
Then the plasma vibrations do not differ from ordinary sound* (in this connexion the assertion 
in [16] that the electrons of completely filled zones generally do not participate in plasma 
vibrations does not seem to us correct). 


*The usual sonic vibrations in a system with short-range forces can also be treated by the method 
developed. For this we have only to use the other value D, (k w) which for short-range forces has 
no singularity at k = 0, so that the limiting frequency of the acoustic vibration is always zero. 


18 
(4.4) 
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The general equation for the limiting plasma frequency @) is the same for metals and for 
semiconductors (because it does not depend on the type of statistics of the current carriers, 
and contains only their total concentration). In particular, in quadratic approximation we 
obtain, (in the usual units): 

Wo 

(4.12) 
All that must be realized is that, strictly speaking, the effective masses mo ;, in (4.12) do 
not coincide with the experimentally determined ones, (e.g. by the cyclotron resonance method). 
The latter, of course, contain also the effect of mutual interaction of electrons (allowed for 
by the mass operator (2.18)) whereas the first are obtained from the solution of the auxiliary 
one-electron problem. However, in semiconductors this difference is evidently small, provided 
the concentration of current carriers is not too great. 

At large k’s the polarization operator cannot be calculated in a general form, obviously. 
In isotropic square approximation we find from (4.10) that with k * 4 P(k,w) < 0 and, there- 
fore D (k,w ) in this region will not have poles on the real axis. 

Thus, limitation of the possible wavelengths flows from the theory itself. Calculation 
of the limiting wave number k. reduces to a study of the conditions for the appearance of 
real roots of the denominator D (k,w ); this, however, is hardly of interest, since k, now by 
no means plays the same role, as it does in the ‘superfluous variables’ method. 


5. SCREENING OF THE EXTERNAL FIELD 


In the problems in which we are interested, the external charge density 9 (x) in (3.9) 
does not depend on x,. Correspondingly equation (3.9) for the effective potential takes the 
form (with equations (2.10), (3.6) and (3.7) ): 


@ (x) = 2x \de dy exp [i(x, x—y)] » 


|] — P (k, o = 0) 


1 > > 
p(x) = —— \ dy exp(—iky)o()). 
(2n)’ (5.2) 


From (5.1) it appears that screening reduces to a replacement of the true Fourier components 
of the charge density 9 (k) by the effective ones 


33 
The final integration result, naturally, depends on the form of ( (k) (in this sense any field 
is screened ‘of itself’). It is clear, however, that screening generally does not reduce to a 
simple cutting out of the long-wave components of the field, as appears in the more approximate 
plasma theory [6], nor to the appearance of an exponential decremental factor, more popular in 
the theory of metals. Both these conditions are reached only asymptotically. 
Let us for a start put W (p) = s. Then (cf.(4.10) ) 
P (kK, = 0) ( 0). (5.4) 
(2n)6 | 4K 
For large distance, small K’s are of the greatest importance in the integral (5.1); then 
P (k,w = 0) = -267/(27)° +0 (k)? and the screening is exponential. In the particular case of 


a point charge zg at the origin, we get: 
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x 


» x= |x, (5.5) 
This approximation, however, is not satisfactory, since in metals the distances of greatest in 
interest are of the order of unity (in the system of units adopted) and in semiconductors 
either of the order of unity (with n > 1018 om™3) or else much less than unity. In this 
latter case large k’s are the most important, and 

_ 8 2 

P(x, =0)=——.£_. 
(27) 8 


Correspondingly, (with 9 = Pp ( Ik|) 


(x) = (5-7) 

Me 

where k_ is the lower limit at which we can still use the approximation (5.6); equation (5.7) 

still is significant, if 1/x >k. >1. (as x we must now insert the length characteristic 

for the particular problem). The relation in equation (5.7) is practically the same, as in the 

method of superfluous variables (since the polarization correction in the denominator 

267/3r'k* is by definition small) and this to some extent justifies the theory of plasma 

screening, developed in [6,7]. Note, however, that k, does not have the same meaning here as 

before; it is generally devoid of any clear physical significance and calculation with such 

a potential are extremely approximate. With an arbitrary dispersion equation we can only study 

the limiting cases of large and small distances. In the first case, putting w = © in equation 

(4.1) and expanding in powers of k, we obtain: 


2 
=0) = — + 
a= 


OpiOp; 


— (n, Vp W) 
3 K 

in particular with W => ap? b = (a, 2,25) *> 0). 
As before, an equation of the (5.5) type applies, but in the exponent an additional factor 
b* (b>0) appears. 

On the other hand, at small x’s , k is substantially larger and the polarization term 
in the denominator of (5.1) is not important; the integral should merely be terminated at some 
low level k., defined in the same way as before (in particular, for a point charge we obtain 
an equation with an integral sine of k x). Note, however, that we lose the induction of field 
anisotropy by screening, an effect which in this case may be numerically small, but nonetheless 


is desirable. With a quadratic (but not isotropic) approximation, at large k’s we find from 
(4.1): 


o=0)=— 
24n8 (2, 2925) >; aj 
i=1 


(5.10) 


Correspondingly, the radial symmetry of the potential (x) is upset. Obviously, this effect 
can be substantial for intermediate distances (x ~ 1) when the polarization correction in (5.1) 
is still not too small, but already is not constant. 
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It can be shown that,as in the case of an external field, the problem of a screened 
potential of interaction of Fermions with one another can be posed. This, however, in general 
has no meaning, since thanks to the exchange of plasma phonons between the electrons in the 
solid there is retarding interaction (it is true that quantitatively this effect is obviously 
not very important). Besides, all the information about the energy spectrum of electrons, 
necessary for solving the problems posed in the introduction, is already contained in the 
Fermion Green function, to which we will now return. Noting that 


{i — W(— ig) }Go(x, = —3(x —y). (5.11) 
Xo 
and with (3.4),(2.15) for the — Green function in our approximation can be written: 
{i (—iv) — — 


(5.12) 


— di'm (x', x9; y) =—2(x—y). 
Since the cases in which we are interested (x) does not depend on x,G (x,y) is constructed 
as in (2.5) from the function on X) (x) exp ~7/“o where A, 4x) are the eigenvalues and 


eigenfunctions of the equation (cf. equations(5.1) and (5.3) ): 


h —W (—iy) —g J deexp (ixx) (x) — 


— dx’m (x — x’) x(x’) =0. (5.13) 


Here ,the quantities A determine [8] the change of energy of the system for unit change in the 
number of electrons in it. In this case, the effect of interelectron interaction on the energy 
spectrum of the system consists not only in screening , but is allowed for also by the mass 
operator. Equation (5.13),is obviously convenient for a study of the effect of structural 
defects on the energy spectrum of a metal. 


Translated by R.C. Murray 
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ENERGY OF AN ELECTRON IN A QUASI-PERIODIC FIELD* 


A. I. REZANOV 
Urals State University 


(Received 15 January 1957) 


For the one dimensional case and the approximation of a strongly bound electron, 
equations are obtained for the wave functions and energy of an electron in a field of 
ions, whose configuration corresponds to a quasi-periodic potential variation. The 
permitted energy values form a set of two bands and are defined as statistical 
averages which can be calculated with distribution functions for density in a non-ideal 
chain and inexact repetitions of the potential for shifts through quasi-periods. 


1. In [1] an attempt was made to determine the state of an electron in a weak field of 
ions with a quasi-periodic potential. The main finding was that the existence of regions of VOL 
permitted and forbidden energies, characteristic of the energy spectrum in a periodic field, 6 
is also characteristic of the spectrum in a quasi-periodic field, but the positions and 
widths of these regions are different. This paper describes an attempt to determine the state 
of an electron in a non-ideal lattice, from the state of an electron in an isolated atom. 
Let us try first of all to show the desirability of applying a quasi-periodic potential 
in the electron theory of non-ideal crystals. For simplicity we will consider the one- 
dimensional case. When an ideal chain is distorted the primary periodic potential U, (x) of 
the self-adjusted field will suffer two types of change: (1) the value Vo (x) at each point 
will change, in particular, the values of the maxima and minima of this function will change; 
(2) the positions of these maxima and minima will change in accordance with the displacement 
of atoms from the sites of the ideal chain. V_ (x) is thereby transformed into a new 
function V (x) whose variation will reflect the special features of the configuration of ions 
in the non-ideal chain. 
Let x be the co-ordinate of an electron, na the co-ordinate of the nth ion in the non- 
ideal chain. The function Vp (x) = “ U (x - na) where U (x - na) is the potential energy of 
an electron in the field of the nth ion, is strictly periodic, i.e. Vp (x + na) = Vp (x); 
V(x) = se U (x - x) will not be periodic, i.e. 


V(x + X,) (x). 
We may write this difference as follows: 


V(x + X,)—V (x) =[V (x + X,) —Vp (x + — [V (x) — Vp (x)]. 


We assume that the distortion of the chain is fairly smooth, so that the difference 
V(x) - Vy (x) will be less than a certain value for all chains, i.e. 


IV (x) — Vp < 


where €,is the greatest value of this difference at some value of x. We also assume some 
limitation on the first difference in the right-hand side of equatitn (2), i.e. 
V(x + X,) — Vp (x < 
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where Ein is the greatest value of this difference for a certain x and a certain fixed xn 
From equations (1) and (2) we find that: 


+ (x)| < Cin = (4) 


Let us show that atoms in a non-ideal chain are located so as to satisfy the following 
requirements: 
1. The number €, which appears in the condition 


V(x +X,)—V (x) (5) 


where X, is the distance between neighbouring atoms, (the position of one of them is arbit- 
rarily taken as the origin), corresponds to some positive number Lye, , such that over any 
section, of length 1,, there are not more than two atoms, independent of where the section is. 
Condition (5) should be satisfied independent of the choice of origin, so that any of the 
numbers X,, X,-X,, X,+1- %, +++ should satisfy (5) 


n n 
2. In general to €,in the condition: 


Vix 2=1,2,... (6) 


there corresponds a number i. (€,)s such that in each section 1, there are not more than n 


atoms. All the numbers X,4; - X, satisfy (6). 


As a result, all the distances between the atoms should satisfy the following system of 
inequalities: 


(7) 


The length J, controls the distance between nearest neighbours atoms in the non-ideal chain, 
and on this sense it can be compared with the least period a of the ideal chain. Similarly, 
the lengths 1, ln control the distances between the more remote atoms, and can be 
compared with the periods 2a .....ma of the ideal chain. 

When these conditions are satisfied each €,, can be compared with a certain number / 
that in each section J, there will be at least one number X,, for which lv V (x) 
that is V (x) a snittualiy quasi-periodic function V pp’*) aa the number Xn will be its en 
quasi-periods 

If some number x; has an €; quasi-period, it will also have an €,, quasi-period, if €, = €)_ 
Hence the system of inequalities (6) (n ~ 1,2, ...) can be replaced by a single inequality. 


pp (x = 8, (8) 


where € is the greatest of all €, ’s. This condition will hold also for any arbitrarily large 
€, but a real physical meaning can only be found for the value of €, equal to the greatest 
value of the difference 


[Von (x + X,)— Vo (x — [Vop (x) — Vo (see [1]) (9) 


in the non-ideal crystal at some value of x and a defined Xn 

Hence if we assume that the potential energy of the electron is a quasi-periodic function, 
we can, by solving the corresponding wave equation, determine the state of the electron in a 
crystal distorted so that any conceivable period is devoid of meaning. The author also 
considers it important that each co-ordinate xn can change over a certain range, without up- 
setting the quasi-periodicity of Vop(*) ,» and this can obviously be used for dealing with the 
individual movements of atoms, e.g. in a liquid metal. 

2. The problem consists in solving the equation 
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Von = Ey(x). (10) 


2m Ox? 


It is known that the wave function (x) has the form 


(x) = exp (ixx)W (x), (11) 


where W(x) is a quasi-periodic function with the numbers X, as the €' quasi-periods (€' being 
some number connected with €), that is: 


iW (x + Xn) —W (12) 


W (x + X,) = W (x) + 9x (4); (13) 


with 


gy (Hi <e’, (14) 
for all values of c and any X,. 
The function (x) can be normalized to unity, on the following consideration [3]: 
1) for each uniform quasi-periodic function f (x) there is an average value 
4L 
M = lim — 
(15) 
2) the function of | f(x) 2 is also uniformly quasi-periodic. Inserting into (15) 
F(x) = |p (4)? 2Ly = Xy 
we obtain: 
M = lim -—— (x)#%dx = lim =— 
X_N X_N 


The normalized function (11) will have the form 


(x) = M-*2epx (ikx) W (x), 


] 
lim ——| |¥(x)?dx = 1. 
lim 
*_N 
Following Bloch, let us cast }(x) in the form: 
(x) = Ya(Xn)e(x—Xn), 
x (18) 


“hn 
where @ is the wave function of the electron in an isolated atom. From (17') and (18) we obtain 
the normalizing condition for the coefficients a (X,) » assuming normalization of the functions 
@ and their approximate orthogonality, based on the weak overlapping of these functions, 
relating to different atoms 


Xn 
(19) 


Inserting (18) into (10), by the usual means we obtain a system of equations for the 


coefficients a (X,): E,a(Xn) a( 
n “nt)s 
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Ey = E—Eq— Ins In (Von (x) — U(x) + Py (0) 9 (x) de (21) 


— X,)| (\Vpp (x) — U (x) re (x)} (x) dx. (22) 


The integrals I ,and Ialon were calculated with condition (8), written as: 
Vop(X + Xn) = Vop (x) + Py (x), (23) 


where 


Px, (x)| <e 


for any x and X,. 
In the approximation, in which attention is paid only to exchange integrals for the nearest 


neighbour atoms, equation (20) becomes 


En@ (Xn) = In4t,n@(Xn41) n—1 4(Xn-1), (25) 


where I, +n,1 
Let us write the analogous equation for the ideal chain thus: 


Ean = 1 (An+1 + 4n—1)- (26) 
which can be solved as follows. The wave function for an electron in a periodic field is: 

} (x) = exp (ixx)U (x), (27) 
where U(x) is a periodic function with the lattice period: 


U (x) = exp (— ikx) an (x — na), (28) 
n 
U (x + na) — U(x) = exp (ixna) a,,9 (x — ma + na) — (x — ma)=0. 
m m 
Multiply this equation by 9 (x-n' a), integrate it with respect to x and use the approximate 
orthogonality of atomic functions for atoms at different sites, and the result is 
exp (— ikna) QAntin = (29) 
By changing the roles of n and n', we obtain: 


exp (— ikn'@) An4nt = Qn. (30) 


From equation (29) and (30): 


Qn exp (— ikna) = Aye exp (— ikn’a). (31) 


The left-hand side depends only on n, and the right-hand side only on ati Consequently we 


can write: 
a, = exp (ina). (32) 


This is the solution of equation (18) with 


E = cos Ka. (33) 


Let us obtain a(X,) in the same way. From (17) and (18) we have 
W (x) = M" exp (— ixx) La(Xn) — Xn). (34) 
Xn 
If we write for this function the condition (13), multiply both sides by M”™” exp (ikx) 9 
(x-X,) and integrate for x, we get: 
exp (— ikXm)a(X,+ Xm) = @(X;) +Fy (X)), 
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where Px (X,) == exp (x) — X,) dx. (36) 


By interchanging the roles of X, and X,, we get 
exp (—ixX,)a(Xm + = a(Xm)+ Fy (Xm). (37) 


From (35) and (37) we find: 
[a(Xm) + (Xm)] exp (— ixXm) = [a(X;) exp (—ixX,). (38) 


For a separation of variables we summate (38) in X, from X_y to Xy with fixed X,, multiply by 
1/2Ly and proceed to the limit at N~® This gives 
[a(Xm) + F (Xm)] exp (— ikXm) = 


xy 


lim a(Xpexp(— +, , 


X-X_y 
: 


1 
=lim »> Fy (X) exp (—inX)). 
Xi 


Similarly, by summating (38) in X, for a fixed X,, we get: 


[a(X;) + F(X))] exp(— ixX) = 


a(Xm) exp (— ikXm) +x. 


Xm 


By elimination from (39) and (41) 


: 1 
lim J, a(X,,) exp (— ikX,), 
Xn 
which gives: 


[a (Xm) + F(Xm)] exp (—ikXn) = 
= [a(X,) +F (X)] exp (— ixX))—9, . 


Now the left-hand part contains only quantities relating to the quasi-period XW and the 
right-hand side only those relating to X,. Consequently, 


[a(X,) +F(X,)] exp(— ixX,) =C, 


a 


whence 


a(X,)=C exp (— ixX,) — F (X,). 


C is determined from the normalization condition (19): 
C=—A+/ 1—(B*—A’), 


2A = Lim [Re®, — ReF (X,) cos X, — 


—ImF (X,,) sin x,X,}; 
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l — — 
B = lim xX, [Re®, ReF (Xn) + (47) 
Xn 
Xn Xn Xn (48) 


In an ideal chain, X, =”a, %. = 0; F = 0; ® =0; A=B=0; C=+1 and (45) transforms 


exactly into (32). 
3. Let us now calculate the energy E from (25). 


a(X,) = A (Xn) exp [iw (X,)] 


We write (45) in the form 


and similarly 


a(Xn41) =A (Xn41) exp [iw (Xn41)], 
a(Xn-1) =A (Xn—1) exp [— tw (Xn-1))], (50) 


A?(Xn) =(C cos KXn + fin)? + (CsinkXn + fon)’ (51) 


CsinkKXn+ fan (52) 


tan (X,,) = 


fin=Re®, - cos KX, —Im® _ sin KX, — ReF (Xn); (53) 


fon = Re sinkX, cos KX, —/mF (Xn). 


The equations for A(X n+1) and @(X. nt1) are obtained from (51)-(54) by replacement of n by n+l, 


Multiplying (25) by 1/2Lya*(X,), summating on X, from X_y to Xy and proceeding to the 
limit with N ~ © we obtain, with (19): 


(Xn) exp {i[o(Xnz1) — ©(Xn)]} + Ln, n—1 A (Xn) A (Xn-1) 


- exp( i[w(Xn)—(Xn—1)])}- (55) 
Let us consider the imaginary part of the right-hand expression: 
xX 
N 
lim (Xng1) A (Xn) sin [w (Xn41)— © (Xn)| — 
X =X 
n “—N 
(56) 


—In,n—1 A(Xn) A (Xn—1) Sin [© (Xn) — © (Xn-1)]}- 


The sum contains only terms for the extreme atoms of the interval (X_ n’ Xy: to the (-N)th and 
the (+N)th: 


tim A (X41) A (X_y) in [0(X_y 44) —0(X_y)] — 
—Iy (Xw) A (Xy_,) sin [0 (Xv) — 0 (Xy_,)]}- 


Since all the quantities inside the curly brackets are finite, the limit at N ~ © will be zero 
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The equation for the energy £E will be 
x 


N 
] 

= By + Lim Xa) + Di A A (a) c08 

Xn 

[© (Xn41) — + Un, (Xn) A (Xn—-1) C08 [© (Xn) — (Xn-1)]}- 
Introducing A and w from (51) and (52), let us write the final form: 

where 


= —U (x)} 9 (2) dx; 


Xx 
N 


Xn7*_w 


] 
R,= lim [(C; cos KXn41 n+1)(C; cos KXp + fin)— 


Nw 
Xn 


(C; sin KX n+1 + fo, + fon)] [(C;cos KX, 
+ + hi, 


— (C,sin fon) (Cjsin KXn—1 + f2, (62) 


j = 1,2; Cy and Cy correspond to the plus and minus signs in front of the root in (46). The 
value of E can easily be shown to be independent of the choice of the normalization of the 
wave function. 
In the ideal chain case X, ax (), =0, fin —0; 
n 


> V(x), Int isn =1nn—1 = Ka), C7 =1 
and equation (59) accurately transforms into the well known equation 
E=E,+1, +2/ cos ka. (63) 


4. Equation (59) shows that for distortions of an ideal chain, in which the original 
periodic potential V(x) transforms into an aperiodic quasi-periodic potential Vop(*)» the 
energy band (63) suffers the following changes: 

(1) a shift by JE, equal to 

(x) {Von (x) — Vp (x)} (x) dx; (64) 


(2) a split into two bands E,(k) and E(k). It is difficult to study the properties of 
these bands and to compare them with (63) in a generalized form, and we have not attempted 
this problem. For such a comparison it would be necessary to specify a concrete distribution 
of atoms in a non-ideal chain, and the form and distribution of the function nx, 5 9?- 


The results, after generalization to the three-dimensional case, would permit the 
determination of the wave function and energy of an electron in an aperiodic field of ions of 
a distorted lattice, without extremely rigid models concerning the structure of the non-ideal 
crystal. 

I express my deep appreciation to S.V. Vonsovskii and my thanks to A.N. Orlov, 
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On theoretical grounds Overhauser (1] showed in 1953 that the electron saturation 
resonance of conduction electrons should lead to a high degree of forced nuclear 
polarization. This method was first suggested for metals but later on it was shown 
that the polarization should also be found in non-metals [2,3]. 

Despite many works devoted to the Overhauser effect [1-12] only two experimental 
papers are available on the subject. The experimental verification of the 
theoretically predicted polarization was given by Carver and Slichter for metals 
(11], and by Beljers, Van der Kint and Van Wieringer for non-metals [12]. It turned 
out, however, that the polarization value obtained experimentally, as shown in [11], 
was smaller, by nearly one order of magnitude, than the amount predicted by 
Overhauser. It is possible that the theory did not account for all the interactions, 
that is, either some relaxation processes were omitted in calculations or the 
hyperfine structure interaction is not the main interaction. 

The present article is devoted to the investigation of the nuclear polarization 
in metallic lithium. Experimental results obtained in 1954-55 are quoted in the 
article. 


EXPERIMENTAL PLANT AND PROCEDURE OF MEASUREMENTS 


As was shown in paper [1] the polarization of nuclei may in principle be detected 
by two methods, either by the shift of the electron resonance (analogous to the shift of 
nuclear resonance) or by determining amplitudes of nuclear magnetic resonance because the 
amplitude of nuclear magnetic resonance is directly proportional to the degree of nuclear 
polarization. We adopted the latter method. Let us also point out that the experiment may 

be carried out either in strong magnetic fields, hence with high frequencies of electron 
resonance, or in weak magnetic fields with lower frequencies. Strong magnetic fields are 
usually applied in experiments on nuclear and electron resonance. Our experiment, however, 
was performed in weak magnetic fields. Constant magnetic fields of low intensity were 

chosen because, firstly, the weak fields do not require the construction of cumbrous and 
costly magnets and, secondly, in such fields it is easier to achieve the saturation of 
electron resonance. The disadvantage of working in weak fields is the smaller signal-to-noise 
ratio of the nuclear magnetic resonance observed. It should be mentioned that only a few 
papers are hitherto available on the subject of nuclear resonance in weak fields [13,14]. 

The block-diagram of the plant developed by us is given in Fig.1. Waves necessary for 
obtaining the resonance of conduction electrons were produced by a push-pull oscillator with 
independent excitation. The power output of the oscillator obtainable amounted to 70 W. The 
GU-29* amplifier (peak power of about 83 W) was used as the output tube. As shown in (1] 


*Fix. metal. metallov., 4, No.6, 609-613, 1958. 


**Translator’s remark: GU-29 - ultra-short-wave oscillator tetrode; minimum wavelength 1.5 M, 
Vf 6,3/12.6 V,. ££ 2:25/1.12 A, S 8.5 
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alternate high-frequency magnetic fields of several oersted are required for producing the 
saturation of electron resonance; in practice, however, somewhat stronger fields are 
necessary because considerable power is lost in heating the coil and the specimen. Since 
the width of electron resonance lines in lithium amounts to 5 oersted no special precaution 
was taken for the stabilization of frequencies. 


Convertor 
and 


49.89 kc/s al detector L.F. 
Oscillator Bridg aa Amplifier 


Electron 
oscillograph 


200c/s 


generator 


Fig. 1 Fig. 2 


The twin T-bridge system [15] was used (Fig. 2) for producing the signal of nuclear 
magnetic resonance. The coil enveloping the specimen was in the circuit of the twin 
T-bridge and connected with the bridge by coaxial cable. Amplitude and phase balances were 
controlled independently of one another by varying capacities of condensers. 

Balance conditions were calculated from the following equations: 


Lot [2C + — 1) 
Ci 
for the phase balance; 
+ —1=0, 
Cy 


for the amplitude balance, where & is the angular frequency. 

Capacitors and resistances used were of a standard type but variable capacitors were 
provided with fine control devices making it possible to obtain a balance 1 : 10°. Since 
the bridge balance depends on frequency it was necessary to secure a high stability of the 
frequency. For eliminating parasitic noises a single wave crystal-controlled oscillator fed 
from batteries was used. Its frequency amounted to 49.89 kc/s. The bridge was thoroughly 
shielded. 

The output potential of the twin T-bridge was supplied to the input of the amplifier 
and then converted to the 465 kc/s potential, amplified, detected and lead to the vertical 
plates of the oscillograph. The horizontal plates were supplied with the modulation 
frequency potential. 

The constant magnetic field was produced by means of Helmholtz’s coils of 20 cm in 
diam. Since the power of the high-frequency oscillator in the state of electron resonance 
saturation was quite appreciable, the oscillator was thoroughly shielded. The radiofrequency 
coil of the oscillator and the coil of nuclear magnetic resonance were placed in a special 
brass cap. All the current outlets were also shielded. 

Since the frequency of the oscillator feeding the bridge was precisely defined, the 
intensity of the constant magnetic field and the Larmor precession frequency of electrons for 
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the field were calculated using the known equations. The high-frequency oscillator was 
tuned to this frequency and then the required power selected. With frequencies of 
electronic and nuclear resonances and peak intensity of the high-frequency field given, the 
current in Helmholtz’s coils was adjusted and the intensity of constant magnetic field 
finally established in which the signal was observed. The bridge, amplifier and converter 
were adjusted beforehand in the usual manner. 

The coil of the high-frequency oscillator into which specimens were placed had 1.5 
turns. The coil of nuclear resonance in the circuit of the bridge had a dia of 4 cm and 
consisted of two parallel-connected sections 300 turns each. The quality of this coil was 


equal to 75. 


PREPARATION OF SPECIMENS 


In order to eliminate the influence of electron diffusion upon the line width of the 
electron resonance and to strengthen the effect investigated it was necessary to use 
specimens of the metal in which dimensions of particles would be smaller than the depth of 


the skin layer. 

Calculations indicate that in the case of lithium the size of particles when a 
frequency of about 10° c/s is applied must be about 15 42 Since lithium has a great 
tendency to enter into chemical reaction with oxygen, hydrogen, nitrogen, carbon, and to 
form alloys with various metals, ampoules filled with colloidal suspension of lithium in 
mineral oil were used as specimens. The following method of preparing the specimens was 
used: small pieces of the metal immersed in the oil were inserted into a quartz test tube 
which was filled with argon and heated to a temperature higher than the melting point of 
lithium (186°C). The contents of the test tube were stirred with a stainless steel stirrer 
which was fixed to the axle of a small electric motor developing a speed of 5000 rev/sec. 

Ry means of such a device particles of lithium of various sizes were successfully obtained; 
the largest size was about 100 4. The mixtures so obtained were further subjected to the 
action of sonic field of high intensity. A rod magnetostrictive vibrator served as a source 
of the sound. Several modifications of sonic treatment of lithium were tried, among which 
the best was when the end of the vibrator was inserted through a rubber membrane into the 
vessel filled with the mixture. The sonic treatment was carried out for several hours. The 
frequencies of the oscillator used were 8 and 23 kc/s. After the treatment the oil was 
removed. The specimens so prepared with an average size of particles less than 15 yu were 
sealed into glass ampoules (of about 10 cm*). It must be taken into consideration that it is 
necessary to have sufficiently pure specimens for obtaining narrow, thus easily saturable, 


lines of electron resonance. 


RESULTS OF EXPERIMENTS AND DISCUSSION 


The amplitude of the signal of nuclear magnetic resonance is 
proportional to the component of nuclear magnetic susceptibility 7” which in turn depends on 
polarization. Thus, the determination of the value of absorption signal may be used as a 
direct method of measuring the nuclear polarization. 

It follows from the theory that in the case of saturated electron resonance the degree 
of polarization will be proportional to the gyromagnetic ratio 
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Ts 


T, and T, are the electronic relaxation times; H, - the high-frequency intensity; V%q~* the 
electronic gyromagnetic ratio; %- the nuclear gyromagnetic ratio of the metal; I. - the 
nuclear relaxation time related to all the processes of interaction with the lattice; * - the 
nuclear relaxation time specified by hyperfine interaction between electrons and nuclei. Thus, 
from known A,, T, and T, the saturation factor s can be found. T, for metallic lithium was 
determined - Yohor and Kip [17] as equal to 10® sec, this time was found to be independent of 
temperature. As shown by the authors quoted, the relaxation times T, and rT, are equal. 

The peak intensity of the high-frequency magnetic field in our experiment amounted to 
5.5 oersted. Substituting this value in the equation and adopting the value of T, as given in 


(17], we obtain s = 0.9. 


Signal amplitude 


H, Oersted 


Fig. 4 


Using the saturation effect, we found the signal of nuclear magnetic resonance when the 
frequency of the oscillator feeding the bridge, as mentioned above, was equal to 49.89 kc/s 
the frequency of the high-frequency oscillatot equal to 83.6 Mc/s with a capacity of about 
70 W and when the constant magnetic intensity was 30.1 oersted. The photo of this signal is 
given in Fig. 3. Its form, as was to be expected, is similar to the form of absorption 
signals. No signal of nuclear magnetic resonance was detected when the high-frequency 
magnetic field was not produced because its value for our specimens was below the noise value 
of the receiver. 

The value of nuclear gyromagnetic ratio for Li’ as calculated from our results amounts 
to 1040 . 10* 1/oersted. sec in good agreement with the value given in [18]. 

In order to find out the nuclear polarization as a function of the degree of 
resonance saturation of conduction electrons, amplitudes of the signal were measured for 
various high-frequency magnetic intensities of the oscillator. In Fig. 4, amplitudes of the 
signal marked in conventional units on the ordinate are plotted against the magnetic 
intensity in oersteds on the abscissa. As one can see from Fig. 4, the amplitude of the 
signal, hence the nuclear polarization, increases with rise of magnetic intensity, reaches a 
maximum value for approximately 5 oersted and further remains constant. The field intensity 
of 5 oersted coincides with the theoretically calculated value, but it must be borne in mind 
that the result obtained from experiments [11] for the ratio of signal values in the presence 
of saturation to those when electronic resonance was absent is appreciably smaller than the 
ratio foresought by the theory. For finding the above ratio data concerning the values of 
T,, and T,, should be available. As shown by Overhauser, the ratio Pes ae is near to one. In 


33 
where 
6 | 
958 \/ 2 
Fig. 3 


Nuclear Polarization in metallic lithaum 


paper [19] it was found that the relaxation time at a temperature of 25°C is approximately 

equal to 130 msec. Unfortunately no data referring to T, are available in references. 
According to our data the line width of nuclear resonance at a temperature of 57°C 

amounts to 0.08 oersted. The line width found in paper [20] with a magnetic intensity of 6356 


oersted was approximately equal to 0.1 oersted. 
We have also investigated the Overhauser effect as a function of temperature in the range 


from 0°C to 75°C. A brief report on the results of these investigations is given in [21]. 


Translated by B. Cynk 
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CHANGE OF MAGNETIC STRUCTURE OF RESIDUALLY MAGNETIZED FERROSILICON 
CRYSTALS WHEN DEMAGNETIZED BY ALTERNATE FIELDS* 


IA.S. SHUR and I.YE. STARTSEVA 


Metal Science Institute of U.S.S.R Academy of Sciences 


(Received 13 July 1957) 


INTRODUCTION 


The mechanism of the change of magnetic structure of ferromagnetic materials under the 
influence of various actions is one of the little-investigated problems of the modern theory 
of ferromagnetism. Full particulars of this mechanism are necessary for understanding many 
properties of ferromagnetic materials. At present such data can only be obtained experimentally. 
The fact is that the magnetic structure of a natural ferromagnetic material is very complex, 
hence it is impossible to find out by general theoretical considerations how this structure will 
be affected by external influences. In order to fill the existing gap in this matter we have 
carried out investigations on the change of structure of a residually magnetized ferromagnetic 
material under the influence of alternating magnetic fields. 

In one of the previous papers {1] the following facts were established by studying the 
magnetic structure of ferrosilicon crystals in the state of remanence (using the method of 
powder patterns). 

a) The pattern at remanence may consist of principal magnetic domains (the vector of 
magnetization of these domains is orientated along one of the directions of easy magnetisation, 
the nearest to that of the initial magnetizing field of the crystal), domains of reversed 
magnetization (with antiparallel orientation of the vector I, ), various types of supplementary 
closure domains**, as well as subdomains occuring around defects. 

b) The features of the magnetic structure in the state of remanence depend on the crystal- 
lographic orientation of the surface of the specimen, on the direction of the preliminary 
magnetizing field of the specimen with respect to the crystal axes, and on the type of the 
magnetic structure in neighbouring crystals. 

From this it follows that the features of the magnetic structure in the state of remanence 
may be different in different crystals. It may be expected, therefore, that the change of 
magnetic structure when crystals in a state of remanence are demagnetized proceeds differently, 
varying with the features of their magnetic structure in the initial state of remanence. 

Details of the demagnetizing process may only be determined by direct observations of changes in 
the magnetic structure; the present work is devoted to this aspect of the problem alone. 


*Fiz. metal. metallov., 4, No. 6, 614-620, 1958 


** In the previous papers the domains forming near the surface of a crystal and minimizing its total 
energy were named "closure domains". This term, however, is not quite fortunate. The point is that the 
decrease of energy may not only be due to the magnetic "flux closure" — by the closure domains — between 
neighbouring principal domains (Landau and Lifschitz pattern (5), but, as a result of rearrangement of 
magnetic poles. For this reason we shall refer to these regions as "supplementary domains". 
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SPECIMENS INVESTIGATED AND EXPERIMENTAL PROCEDURE 


Polycrystal line specimens of ferrosilicon (3.5% of Si) which contained a great number of 
crystals of various crystallographic orientations were investigated. Linear dimensions of 
individual crystallites amounted to 0.5 — 2.0 mm. In order to eliminate the demagnetizing 
effect of ends, specimens in the form of rings were investigated, 9.1 — 0.2 mm thick with 
external and internal diameters of 40 mm and 28 mm respectively. 

Preparation of the surface of the specimens and of the magnetic suspension were carried 
out by the methods previously described (2). 

Powder patterns were investigated by the apparatus shown in Fig. 1. The investigated 
specimen: 1 special holder; 3 fixed to the stand of the microscope; 2 specimen placed under 
the objective. The specimen could be turned around its axis and moved along its radius by 
means of screws 4 and 5. Preliminary magnetization of the specimen investigated was carried 
out by a circular constant magnetic field of 200 oersted, demagnetization by a circular 
alternating magnetic field (H ~) of commercial frequency. The circular magnetic field was 
created by passing direct or alternating current through the two-part coil 6 enveloping the 
specimen. The amplitude of the alternating field was always gradually varied from its peak 
value to zero by means of a special transformer with mobile core. 

Powder patterns were photographed with the narrow-film camera 7 coupled with the micro- 
scope tube 8 by means of a photo attachment 9 which made it possible to watch changes in 
magnetic structure of the specimen in the course of taking photographs. 


RESULTS OF OBSERVATIONS OF POWDER PATTERNS 


Let us analyse the results of observations on the changes of powder patterns on the 
surfaces of ferrosilicon crystals, magnetized to remanence and orientated in various manners, 
under the action of alternating magnetic fields with amplitudes decreasing to zero. 

In Fig. 2 photos of powder patterns are given as obtained from a specimen whose surface 
precisely coincided with the plane (100). In the state of remanence (Fig. 2a) one 
Principal domain can be seen, with the direction of magnetization marked by the arrow, and 
several subdomains, that is, domains around defects (2). This magnetic structure remains 
unchanged in weak magnetic fields. After demagnetization by an alternating field with a 
peak amplitude of 0.7 oersted there appears a reversed domain near the edge of the crystal 
(Fig. 2b); the domain grows with further increase of H~ to a volume approximately equal to 
that of the principal domain (Fig. 2c). In addition to this the subdomains change a little 
under the influence of the field H ~ but do not turn into reversed domains. 

In Fig. 3 photos of powder patterns are given as obtained from a specimen whose surface 
was almost parallel to the (100) plane. In the state of remanence (Fig. 3a) on the surface 
of the crystal one principal domain can be seen and supplementary domains of the "trunk" 
pattern [3]. Under the influence of the field H ™~, shifts of supplementary domains and 
changes in their dimensions are observed. On reaching H ~ = 0.37 oersted, one of the 
supplementary domains expands and turns into a domain of reversed magnetization (Fig. 3b). 
With further rise of H ~, the second principal domain appears. In the demagnetized state, 
the crystal contains four anti-parallel principal domains with supplementary domains within 
them (Fig. 3c). 

The photos of powder patterns given in Fig. 4 were obtained from a specimen the surface 
of which was nearly parallel to the (100) plane, but as compared with the previous case 
slightly more inclined to the plane. In the state of remanence the supplementary domains in 
the form of "trunks" can be seen all over the surface of the crystal (Fig. 4a). On reaching 
H ~ = 0,2 oersted, one of the trunks turns into a reverse domain (Fig. 4b). Further rise of 
H ~ leads to the appearance of other reverse domains (Figs. 4c and 4d). In the demagnetized 
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state (Fig. 4e), five principal domains and supplementary domains of the "tree" and "trunk" 
type of pattern can be seen [3]. 

It was experimentally proved that in the state of remanence the magnetic structure after 
repeated magnetization up to saturation was not reproducible. The crystal described above 
may serve as an example in which only supplementary domains of the trunk type were observed 
all over its surface in some cases (Fig. 3a), and in other cases in addition to the ‘trunks’ 
a domain of reversed magnetization occurred (Fig. 3c). Depending on the magnetic structure 
in the state of remanence, the process of demagnetization proceeds differently. Indeed, in 
the first case (Fig. 3a), as mentioned above, noticeable changes in magnetic structure were 
found only in 4 relatively strong field H ~; a domain of reversed magnetization appeared 
after demagnetization by the alternating field with a peak amplitude of 0.37 oersted. In the 
second case (Fig. 3d), when a reverse domain was already present in the initial state, a 
noticeable change of magnetic structure was found under the influence of very weak alternating 
fields as shown by the expansion of the reverse domain. 

It was observed that the value of the field H ~ at which a noticeable change of magnetic 
structure begins to appear depends on the orientation of the alternating field with respect to 
the direction of easy magnetization nearest to the surface of the crystal. For example, a 
crystal was investigated on the surface of which in its initial state of remanence one 
reverse domain was detected, with supplementary domains of the "trunk" type covering nearly 
the whole surface. Under the influence of weak fields H ~ making nearly 90° with  & of the 
principal domains, no changes of magnetic structure were noticed. Changes were found only 
under the influence of relatively strong alternating field (H ~ = 0.4 oersted). 

It must be noted that under the action of an alternating field, regardless of its 
Orientation with respect to of the domains, the rearrangement of magnetic structure 
always proceeds so that the crystal comes to the state of demagnetization, the magnetic 
structure in this state being always of the same type as after demagnetization by field H ™ 
parallel to the direction of the easiest magnetization. For example, on the surface of a 
crystal in the demagnetized state a pattern of the "tree-like" type was found with 180° 
boundaries between the principal domains. After magnetization in a constant field making 45° 
with the direction of easy magnetization, a magnetic structure of another type was observed 
on the surface of the crystal in the state of remanence, namely, a tree-type pattern with 
straight-sided branches and 90° boundaries between the principal domains [4]. Under the 
action of H ~ directed just as the above constant field a "tree" type pattern again occurred, 
in which 180° boundaries were formed between principal domains. With a rise of H ™ this 
pattern gradually spread over the whole surface of the crystal. 

By observations of powder patterns on polycrystallic specimens it was established that 
the rearrangement of magnetic structure of the crystal in the state of remanence by field 
H ~ may depend on the magnetic structure of neighbouring crystals. As an example, photos of 
powder patterns are given in Fig. 5 as obtained on the surfaces of two adjoining crystals. 

In both crystals the surface is nearly parallel to a (110) plane, and the cubic axes nearest 
to the surface of the specimen form an angle of 7°. In the state of remanence one reverse 
domain and several supplementary domains in the form of "drops" and "daggers" can be seen on 
each crystal [2]. Boundaries between the regions pass through the border between the 
crystals without a break (Fig. 5a). Under the influence of field H ~, the reverse domains 
expand the boundaries between them moving simultanously in both crystals (Fig. 5b). With 
further rise of H ~ new reverse domains simultanously appear in both crystals, having 

common boundaries across the grain boundary. In the demagnetized state, the structure of 
both crystals splits into a number of anti-parallel domains, with the boundaries between them 
crossing over the border between the crystals without a break (Fig. 5c). 

In many cases subdomains were observed on the surface of crystals in the state of 
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magnetic remanence. The type of these subdomains remained unchanged after demagnetization 
unchanged after demagnetization by alternating fields if 

there was no rearrangement of magnetic structure. When the 

features of the principal domains alter, the form of the 

subdomains may also change. The subdomains themselves, 

however, never turn into reverse domains (that is, the 

subdomains never appear as nuclei of remagnetization). 


MAIN CONCLUSIONS 


On the basis of observations of powder patterns on a 
great number of crystals with different crystallographic 
orientation the following conclusions may be stated: 

1. The process of changes in magnetic structure of a 
crystal when it passes from the state of remanence to the 
state of demagnetization in an alternating field proceeds 
as follows: surface supplementary domains turn into 
reverse domains; reverse domains expand; subsequent 
division of reverse domains into parts is also observed. 

Subdomains never turn into domains of reversed magnetization. 

2. Supplementary domains and reverse domains occurring 
in a crystal residually magnetized lower the resistance of Ve < 3 in 6 
its magnetic structure against demagnetizing forces. When : a 195 
domains of reversed magnetization are present the state of 
remanence is most unstable; in very weak alternating fields 
a shift of inter-domain boundaries takes place. This 
phenomenon is quite understandable considering that when 
the boundaries of reverse domains are displaced no changes 
are usually detected in the boundary areas, whereas the 
conversion of supplementary domains into domains of 
reverse magnetization always involves an appreciable 
increase of the area of inter-domain boundaries. 

3. By repeated magnetization in a constant field, the 
type of remanent magnetic structure is not reproduceable 
in detail, just as the rearrangement of the magnetic 
structure of a crystal proceeds differently in repeated 
demagnetizations by an alternating field with the same peak 
amp1i tude. 

4. In polycrystals the crystallographic orientation of neighbouring grains may exert a 
noticeable effect on the process of changing the magnetic structure of individual crystallites 


being demagnetized. 


Fig. 5. The same as in Fig. 2; (110): 
a- state of magnetic remanence; 
b-H~= 0.10 oersted; c- HY = 
0.52 oersted. 


Translated by B, Cynk 
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TRANSFORMAT | ON* 
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Measurements were made of the Hall e.m.f. in Invar alloys in the region of the Curie 
point, as a function of magnetization. 
From the results of the measurements, the Hall effect, accompanying spontaneous magnet- 
ization ("“spontaneous" Hall effect), has been isolated, and the corresponding Hall 
constant has been determined. It is shown that, in the region of the Curie point, the 
Hall constant is proportional to the square of spontaneous magnetization. 


1, Although the temperature dependence of the Hall effect in ferromagnetics has been 
studied in a number of investigations [1-6], this subject cannot be considered exhausted. 

The variation with temperature of the Hall constant of ferromagnetics, especially near the 
Curie point, is complex in character, and has not yet been fully determined. Usually, the 
Hall constant at any given temperature is determined from the slope of the curves of the 

Hall e.m.f. vs. magnetization. However, tests have shown that the shape of these curves 
varies substantially with temperature. On approaching the Curie point, the role of the 
processes of displacement and rotation decreases, and that of true magnetization (para-process) 
becomes predominant. Thus, from the curves of the Hall e.m.f. vs. magnetization, some com- 
pound Hall constant is obtained, which is determined partly by the orientation of spontaneous 
magnetization, for which the magnetic forces in the lattice are responsible, and partly by the 
variation of its magnitude, for which the exchange forces are responsible. Volkov [7] was the 
first to show the need for determining two separate Hall constants, corresponding to the 
orientation processes of the domain magnetic moments and to the para-process. 

In the present investigation an attempt has been made to depart from the usual methad of 
calculating (from experimental data) the Hall constant in ferromagnetics. Since the principal 
characteristic of a ferromagnetic is its spontaneous magnetization Zo we have endeavoured to 
isolate from the experimental data the Hall effect corresponding to the latter ( "spontaneous" 
Hall effect), and to study its variation with temperature. With this method of studying the 
temperature dependence of the Hall effect, the influence of the magnetization processes due 
to an external field is eliminated. An investigation of the temperature dependence of the 
"spontaneous" Hall effect is also of interest from the point of view of checking the 
conclusions of the quantum-mechanical theories of the Hall effect in ferromagnetics [8], in 
which the latter is considered purely as a function of spontaneous magnetization. Our 
investigation was made on alloys with a large para-process (Invar alloys). In these alloys, 
the isolation of the "spontaneous" Hall effect is easier to achieve than in other ferro- 
magnetics. Nevertheless, all measurements were made in the region of the ferromagnetic 
transformation (near the Curie point) where the processes of technical magnetization are 
unimportant, which also assists in the determination of the spontaneous Hall effect. 

2. The investigation was made on alloys with the following compositions: (1) 56.0% Co, 
10.0% Cr, bal. Fe: (2) 36.0% Ni, 6.0% Co, bal. Fe; (3) 31.5% Ni, 5.7% Cr, bal. Fe. 


"Fiz. metal. metalloved., 6, No.4, 621-27, 1958. 
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Before the measurements, all specimens, which had a form of parallelepipeds 6 x 12 x 150 
mm in size with milled primary and secondary electrodes, were subjected to a homogenized anneal 
in a vacuum for 15 he at 1000°C, with subsequent slow cooling. The size of the specimens 
permitted the determination of magnetization by the ballistic method. 

The measurement of the Hall e.m.f. was carried out by a method proposed earlier [3,9], 
using a Kozirev-type photo-electro-optical amplifier [10]. The use of the amplifier enabled 
the measurements to be made in relatively weak magnetic fields (maximum field of 1560 oersted 
with a primary current of only 0.5 A), which greatly reduced the various associated effects 
connected with the field and the primary current by an uneven ralationship. To eliminate the 
even effects, magnetization was measured at both positive and negative values of field and 
current. 

For each specimen, magnetization and the Hall electromotive force were measured 
simultaneously as functions of field at a given temperature. Different temperatures were 
achieved by means of a bifilar-wound heating element mounted within a solenoid giving a uniform 
magnetic field throughout the whole specimen. Temperature was controlled by means of two 
copper-constantan thermocouples placed directly on the specimen, at a distance of 4 cm from 
each other, and symmetrically with respect to the specimen centre. Temperature during the 
measurements was kept constant to within + 0.1°C. 

Figs. 1 and 2 show examples of curves of the Hall e.m.f. and magnetization plotted against 
the magnetic field at different temperaturesfor the alloy with 31.5% Ni, 5.7% Cr, bal. Fe. It 
can be seen from Figs. 1 and 2 that the curves E (H) and I (H) have an identical character. 
Curves for the other alloys investigated by us were also found to have a similar shape. The 
relationship between the Hall e.m.f. and magnetization at different temperatures for two alloys 
is shown in Figs. 3 and 4. 

75 
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A 


1000 


Fig.1. Relationship between Hall e.m.f. and magnetic field at different 
temperatures (alloy: 31.5% Ni, 5.7% Cr, bal. Fe). 


It should be mentioned here that in the region of high temperatures (near the Curie point), 
the slope of the curves decreases with increasing temperatures. In addition, these curves have 
discontinuities, but these disappear near the Curie point, and the relationship between E and I 
is strictly linear. 

To appreciate the test results presented in Figs. 3 and 4, let us consider the diagrammatic 
curves in Fig.5. 

The curve OA; ByCy is the magnetization curve; the curve OAy Br Cp represents the 
relationship between the Hall e.m.f. and field. Let us consider an idealized case: we will 
regard the section AO; on the magnetization curve as corresponding to the displacement , the 
section Ay By to the rotation process and By Cr to the para-process. The corresponding sections 
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on the curve of the Hall e.m.f. vs. field are: OAR, Ar Br, and Br Cp. Thus, the relationship 
between the Hall e.m.f. and magnetization is represented 
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Fig.2. Relationship between magnetization and magnetic field at different 
temperatures (alloy: 31.5% Ni, 5.7% Cr, bal. Fe). 
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Fig.3. Relationship between Hall e.m.f. and magnetization at 
different temperatures (alloy: 31.5% Ni, 5.7% Cr, bal. Fe). 


by the broken line OABC. The sections OA, ABand BC are straight lines since the Hall 
e.m.f. is proportional to magnetization. The section OAcorresponds to the displacement 
process, ABto the rotation process and BC to the para-process. The slopes of these sections 
represent the Hall constants characterizing the respective processes. In actual ferro- 
magnetics, the position is much more complicated. Usually, the processes of displacement of 
walls rotation and true magnetization are superimposed upon one another. For this reason, the 
experimental curves in Figs 3 and 4 do not always clearly show the three sections. The shape 
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of the curve E (I) in Figs. 3 and 4 permits the conclusion that the different processes of 
magnetization of ferromagnetics have different Hall constants. A particularly sharp break 
in the curve occurs at the transition from the processes of technical magnetization to the 
region of the para-process. Magnetic and exchange interactions affect differently the state 


of conduction electrons which results 


A 
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Fig.4. Relationship between Hall e.m. f. and 
magnetization at different temperatures (alloy: 
36% Ni, 6% Cr, bal. Fe). 


in a change in the Hall constant. As the Curie point is approached, the section of the curve, 
corresponding to technical magnetization, decreases, and the section, corresponding to true 
magnetization, increases. Such a change in the shape of the curve of E (I) with temperature 
shows that, near the Curie point, magnetization of ferromagnetics is determined essentially by 
true magnetization. For this reason, the relationship between the Hall e.m.f. and magnetization 
near the Curi point can be represented by the equation 


E +1). (1) 


Here, R,H is the "customary" Hall e.m.f., R,I,is the spontaneous Hall e.m.f., RJ; is the Hall 
e.m.f. due to true magnetization I;, and R,is the "spontaneous" Hall constant. In our case, 
the term RH can be ignored because Ry <R, and the fields H employed are small. 

3. We will now separate from the experimental curves the “spontaneous" magnetization. As 
shown by measurements [11], true magnetization near the Curie point can be well described by 
the thermodynamic relationship 


+1) +8, +1) =H, (2) 


where o# I; is the total magnetization determined experimentally, and ay and 4; are thermo- 
coefficients depending on temperature and elastic stresses. Since the Hall e.m.f. is 
proportional to magnetization, we can describe the variation of the Hall e.m.f. with field 
near the Curie point by an equation similar in form to equation (2), i.e. 


an(Es + E;) + B AE, +- = H, 
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Fig.5. Explanation of characteristics Fig.6. Temperature dependenge 
of variation of Hall e.m.f. with mag- between magnitude H and I? for 
netization: alloy (31.5% Ni, 5.7% Cr, bal. Fe) 


Curi int. 
OA, BC, magnetization curve; 
OA - curve of Hall e.m.f. vs. 
field H; 


OABC - E vs. I. 
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Fig.8. Temperature dependence 
of spontaneous Hall constant R, 
and square of spontaneous mag- 


Fig.7. Temperature dependence 

between magnitude H/E and E2 for 
alloy (31.5% Ni, 5.7% Cr, bal. Fe) 
near Curie point. 
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where E, and E; are the spontaneous and true Hall effects, respectively. For H = 0, when I; 
and E; equal zero, we obtain from equations (2) and (3): 


(4) 


(5) 


Thus, by determining the coefficients ay, Br, Ap, and Ee: it is possible to establish the 
values of E, and I, for any given temperature (near the Curie point) from the curves of I (A) 
and E (A). 

In Figs. 6 and 7 are shown the curves of H/I (1?) and #/E (E”) for one of the alloys 
investigated. The experimental points form straight lines, which is in agreement with 
equations (2) and (3). 

From the intercepts of these lines on the axes of ordinates, one can determine the 
coefficients ay and Gp, and from the slopes of the lines — the values of Ay and Bp and con- 
sequently the values of I, and E,. 

The formula "spontaneous" Hall constant, R,, can be determined from the formula ERI .- 
The dependence of R, and ie on temperature has a linear character for all the three Invar 
alloys investigated. This relationship is shown in Fig. 8. Consequently, the "spontaneous" 
Hall constant, R,, is also linearly related to = ise. 


R,=a+5/;, (6) 


where a and b are numerical coefficients. 

A similar relationship was established by Patrakhin [8] from quantum-mechanical calcul- 
ations. It should be noted that the Hall constant, R,, could be determined from the relation 
E;= RJ ;. However, in view of the influence of the processes of technical magnetization which 
occurs near the Curie point, such determination is less accurate than that based on the 
relation 
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STUDY OF DEFECT DETECTION IN RAILS WITH MOVING MAGNETIC 
FIELDS 


(5) INVESTIGATION OF EDDY CURRENTS INDUCED IN THE RAIL HEAD BY 
AN ELECTRIC FIELD ON ITS SURFACE* 


V.V. VLASOV 


Institute of Metal Physics, Urals Branch of U.S.S.R Academy of Sciences 


(Received 11 September 1957) 


In the detection of transverse cracks in the rail head by means of eddy currents 
induced in it by a moving source of field, and important part is played by the longitudinal 
component of the current. The current density in the head and in the junction of the 
latter with the web, during magnetization of the head with a relatively weak transverse 
field moving with a low velocity, has been evaluated by Polivanov (1). No similar 
investigation for the case of magnetization of the rail with a relatively strong local 
field travelling with a high velocity has, as far as is known, been carried out. It was 
considered of interest to assess, even if only as a first approximation, the longitudinal 
component of the current density in rail heads during their magnetization under those 
conditions.. A description is given below of a study of the longitudinal component of the 
electric-field intensity on the side surface of the rail head, made with the aid of the 
model technique [2, 3]s On the basis of this study, an approximate assessment is given 
of the corresponding component of the current density in the rail head. 


METHOD OF INVESTIGATION 


In a general case, the current density induced in a part by a moving magnetic field is 
given by (4) 


(vB), 


(1) 
where 5 — current density, Y — electrical conductivity, E:.. intensity of the electric field, 
x velocity of motion of field force and B magnetic induction. 

To determine the current density from the expression (1), it is necessary to know not 
only the intensity of the electric field, but also the magnitude of induction and its direct- 
ion relative to velocity. For this reason, the determination of the current density from (1) 
presents considerable difficulties. However, this relationship can be greatly simplified 
by considering only the longitudinal component of the current density relative to the 
direction of motion. In fact, the projection of (yp) on to the direction of the velocity of 
motion can readily be seen to be equal to zero. Consequently, for the longitudinal component 
of the current density in the rail model, we have: 


(2) 
The current densities in similar systems are known to be inversely proportional to their 

linear dimensions. In the case under investigation, both the intensity of the electric field 

and the current density are mean values within the limits of the sections on which they are 

determined. Taking these considerations into account,it is possible, of course, to write, 

for the current density in rails 


(2a) 
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where 5 is the lengthwise mean of the longitudinal component of the current density in the 
rail, and E is the lengthwise mean of the intensity of the electric field on the surface of 
the rail model. 

The intensity of the electric field and, consequently, also the current density, decrease 
with advance down the part, but the exact relationship between these values and the depth is 
not known. In the first approximation, it can be represented by straight lines. Taking the 
mean values of E and 8, along the depth and omitting the signs of mean values, we obtain the 
following expression for the current density in rails: 


1 
(3) 
where E and E, are connected by the relationship .* z E- Consequently, (3) can be written 
in the form 


(4) 

Either equation (3) or (4) permit determination to a first approximation of the long- 
itudinal component of the current in rails from the intensity of the electric field on the 
surface of a rail model moving with respect to the source of magnetic field. 

A diagram showing the principle of the measurement of the electric-field intensity on the 
surface of a rail model is given in Fig. 1, the second pole of the electromagnet, which is not 
shown in the figure, being placed above the rail model. It should be added that the rail 
model shown in the figure represents a portion of a circular model, as described earlier [2]. 
The contact brushes,sliding on the rail model. were made from bronze cable. Each brush 
consisted of 11 thin wires, having a diameter of 0.8 mm when twisted, and possessing sufficient 
rigidity owing to the small length protruding from the holder. The distance between the 
brushes was 1 cm, and, in this way, the intensity of the electric field was measured direct on 
the surface of the rail model. The measuring instrument was an indicating thermocouple gal- 
vanometer with a scale of 42 mV. 


Fig.1. Diagram of arrangement 

for measurement of intensity 

of electric field on surface 

of rails magnetized with moving 
field source. 


N - one pole of horseshoe-type 
electromagnet; V - direction 
of motion of rail model; 

@ and b - contact brushes; mv - 
millivoltmeter. 


The intensity of the electric field was measured on the side surface of the rail head. 
The brushes of the contacting device, as can be seen from Fig. 1, were suitably located for 
the determination of the longitudinal component of the current. 

Magnetization of the rail model was performed using an electromagnet, described earlier 
[2], with pole shoes having a flat surface facing the model. The distance between the model 
and the pole shoe corresponded to a distance of 17.5 mm between the rail and the pole shoe of 
a similar electromagnet. The magnetomotive force in the model experiments corresponded to the 
case of rail magnetization with a similar electromagnet at 23,000 A-turns, and the velocity of 
motion — to 25 km/hr. It should be added that the relevant conversion ratios were examined by 
the author in [3]. 


RESULTS OF MEASUREMENTS OF ELECTRIC FIELD AND THEIR ASSESSMENT 


The results of measurements of the longitudinal component of the electric-field on the 
side surface of the rail head near the leading pole of the electromagnet for different lengths 
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of pole shoes are given in Fig. 2. It should be noted that the space between the poles of the 
electromagnet lies in the region of the positive axis of abscissae. As a result of motion, as 
can be seen from the figure, an electric field with a fairly high intensity is generated. The 
sign of the field at the leading edge of the pole, i.e. to the left of the axis of ordinates, 
is opposite to that in the region of the trailing part of the pole, i.e.to the left of the axis 
of abscissae. As the length of the pole shoe increases, tke point of intersection of the curve 
with the axis of abscissae is displaced in the opposite direction to that of the electromagnet 
travel. The intensity of the field in front of the pole at first increases as the length of 
the latter decreases, reaching a maximum when the length of the pole shoe is equal to the width 
of the rail head, and subsequently decreases. The value of the maximum of the field intensity 
near the part of the pole adjoining the space between the poles is not affected by the 


£,, mV/cm 


Fig.3. Relationship between 
longitudinal components of 
electric-field intensities, 
E; and E, on side surfaces of 


Fig.2. Relationship between electric- 
field intensity, E.. on side surface of 
rail head near electromagnet pole and 
corordinate along rail, for different 
lengths of ots shoes: 


1 3.8, 2 7; 3 14, 28 ca. 
Origin of co-ordinates coincides with 


rail head and model between 
poles of similar electromagnets, 
and co-ordinates X, along rail 
and X along rail model, 
respectively. Outline of 
electromagnet is represented 
with dotted line; direction V 
of rail model travel and point 


centre of pole, measured along its length. m, at which field intensity on 
Point Mm, at which field intensity was wes are 
measured and direction of rail-model travel 

are shown with arrows. 


length of the pole shoe, with the exception of the case of the short pole, whose length is 
comparable to the width of the rail head. The reduced electric-field intensity before the 
leading and trailing edges of the short pole is evidently due to a reduction of the magnetic 
flux in the rail head, as compared with the flux in the case of longer pole shoes. 

The curve of the longitudinal component of the electric-field intensity on the side 
surface of the rail head in the space between the electromagnet poles is given in Fig. 3. The 
data shown in the figure have been obtained on a model with pole shoes 4 cm long, which cor- 
responds to 14 cm in the case of rail magnetization. 

It can be seen from the figure, that the intensity of the field and, consequently, also 
the longitudinal component of the current have the same sign in the whole space between the 
poles. However, The value of the intensity of the field depends on the position of the rail- 
head section in question relative to the electromagnet. Near the poles, this value is 2 — 2.5 
times greater than in the middle of the distance between the poles. Supplementary tests have 
shown that differences between the values of the maxima near the poles are not due to the order 
of succession of the poles, but to differences in the distance between the poles and the rail 
model. In this case, the distance between the N-pole shoe (Fig. 3) and the rail model was 
slightly greater than that between the S-pole and the model. 

One can, therefore, expect that the difference between the electricfield intensity near 
the electromagnet poles and in the middle of the distance between them may not be very great 
in some cases. This is confirmed by the relationship, shown in Fig. 4, between the longi tu- 
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dinal component of the electric field and the co-ordinate, obtained for the case of an electro- 
magnet with pole shoes having a cylindrical surface facing the rail model. The diagram shows 
the portions of the pole shoes facing the interpolar space. The portions not shown in the 
figure had the same shape as those in the interpolar space. These poles were characterized by 
the fact that, considered in the direction of travel, the distance between the shoe and the rail 


model gradually increased from the 


mV/cm 


2 
cm v, km/hr 


Fig.4. Relationship between Fig.5. Relationship between 
longitudinal component of longitudinal component of 
electric-field intensity, E;, electric-field intensity, 
on side surface of rail head on side surface of rail head 
between electromagnet poles in the middle of distance 
with shoes of outline indi- between electromagnet poles, 


cated in diagram, and rate of and rate of motion, V, for 
motion, V. Direction of electromagnet shown in Fig. 3. 
motion of rail model is shown 


with arrow. 


shoe centre to its edges. The distance between the pole shoe and the rail model was approx- 
imately three times greater at the shoe edge than at its centre. The length of the pole shoes 
in the model experiments was 8 cm, which corresponded to a shoe length of 28 cm in actual rail 
magnetization. The gap between the shoe centre and the rail model was 5 mm, which was equi- 
valent to 17.5 mm in the case of rail magnetization. Other conditions were the same as 
described above. 

Fig. 5 shows the relationship between the component of the electric-field intensity on the 
side surface of the rail head, measured at the centre of the interpolar distance of the electro- 
magnet, and the rate of travel, for the case of magnetization presented in Fig. 3. It follows 
from Fig. 5 that the intensity of the longitudinal component of the field increases with 
increasing rate of travel. It reaches a value of 4.3 mV at a rate of travel of 50 km/hr. 

Thus, when the rail head is magnetized with a moving source of field, the field induced 
on the side surface of the head has a substantial longitudinal intensity. 


ASSESSMENT OF THE LONGITUDINAL COMPONENT OF CURRENT DENSITY 
IN THE RAIL HEAD 


The data shown in Fig. 4, together with the expression (3), permit a first, roughly- 
approximate assessment of the longitudinal component of the current density induced in rails 
by a moving magnetic-field source. We will evaluate it for the case of the electromagnet 
travelling along the rails with a velocity of 50 km/hr. For this, it is necessary to know the 
specific electrical resistivity of the rail model during travel corresponding to the travel of 
the electromagnet along rails with the above velocity. In this case, the electrical resist- 
ivity equals 0 26 x 10°42. em (3). Thus, using the expression (3) and a value of E,= mV/cm, it 
is found that the longitudinal component of the current density in the rail head equals 
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approximately 80 A/cm? at the centre of the distance between the electromagnetic poles, and 
nearly 200 A/cm? near the poles. These values apply to rails of type 1 - A, magnetized with an 
electromagnet having a magnetomotive force of 23,000 A-turns. 

According to our estimate, the error in the assessment of the current density lies within 
the limits of + 15 per cent. It should be added that the specific electrical resistance of the 
rail model, as used in the calculation of the current, coincides, according to our assessment 
[3], with the upper limit of the electrical resistivity of rails, since the smallest specific 
resistivity of rails is twice as small as the largest. Consequently, as can be seen from the 
expression (3) or (4), the current density under actual conditions and at this -¢rticular rate 
of travel will not be less than the values given above. 

The values obtained by us for the longitudinal component of the current density are 
comparable in magnitude with Polivanov’s data [1] for the case of rail magnetization with 
transverse field moving with a velocity of 5 or 10 km/hr. Apparently our values for the 
current density are slightly lower than those actually present in rails during magnetization 
with a source of a strong field, moving with a relatively high velocity. 

Thus, the density of the eddy currents induced in a rail head by a moving magnetic field 
is substantial and, in principle, adequate for defect detection. In this connection, the idea 
of employing such currents for the purpose of defect detection in rails, which up to now has 
been regarded with scepticism [s], becomes of considerable practical interest. 


CONCLUSIONS 


It has been found possible approximately to assess the longitudinal component, with respect 
to velocity,of the density of the currents induced in parts by motion in a magnetic field. The 
assessment is based on the component of the electric-field intensity. 

It is shown that the longitudinal component of the electric-field intensity on the side 
surface of a rail head and, consequently, also the corresponding component of the current 
density in the rail head within the limits of the interpolar space of the electromagnet have 
the same direction. A relationship has been obtained for the electric-field intensity in the 
section of the rail head, located in the middle of the distance between the poles of the 
electromagnet and the rate of motion. 

An approximate assessment has been made of the longitudinal component of the density of 
eddy currents in the rail head for one particular case. It was found that the current density 
in the section of the rail head situated at the centre between the poles of the electromagnet 
is in principle adequate for the detection of defects. 


Translated internally 
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In the previous parts of this series [1 - ‘). a point of view was presented, 
according to which horophilic additions, present in a supersaturated solid solution, 
may influence the kinetics of its decomposition through adsorption enrichment of zones 
with distorted structure, linking the centres of decomposition with the matrix solid 
solution. The data obtained in these, as well as in some other [4 ~ 8], investigations 
support this point of view on the mechanism of action of a single addition. From the 
same point of view it is also possible to consider the more complex case of joint 
action of different additions fol. 

In the simultaneous presence in an ageing alloy of two or more horophilic additions, 
the latter can participate to a different extent in the adsorption effect. Their joint 
action may be either non-additive, i.e. "competitive" (displacement of one horophilic 
addition from the adsorption zone by another [10 ~ 11!) or "co-operative" (additional 
pulling into the adsorption zone of atoms of one addition by the atoms of another). 
Since the effect of internal adsorption depends on the type and extent of deformation 
in the zone of structural non-homogeneity, and these factors vary at different stages 
of ageing, the action of additions on the kinetics of ageing through the adsorption 
effect may also vary in the course of ageing. Generally speaking, there may be cases 
of preferential action of one addition during the initial stages, accompanied by 
preferential action of another addition during the subsequent stages. If this possib- 
ility were in fact real, it would open up prospects of controlling the processes of 
ageing. 

As regards the proposed point of view, it is of interest to study the kinetics of 
decomposition of supersaturated solid solutions with small additions of alloying 
elements, and to compare the data obtained with those for solid solutions without 


additions. 


TEST MATERIAL AND PREPARATION OF SPECIMENS 


The experiments were carried out on copper-silver alloys with small additions of antimony 
and beryllium (the composition of the alloys is shown in the Table). 

In these alloys, a small addition of antimony accelerates ageing [4]; Sb and Be are 
horophilic with respect to copper (8, 10 - 16); the solubility of silver in copper in the 
presence of small additions of antimony is practically unchanged (1]. 

The alloys were melted under borax in a high-frequency furnace using a graphite crucible, 
and were cast in metal moulds. The ingot weight was 300 g. The ingots were covered with 
carbon and annealed for 2 hr at a temperature of 800°C (furnace cooling). 
thick strips were forged and rolled from them, and these were homogenized for 50 hr at a 
temperature of 800°C. Afterwards, some strips were cut into specimens 30 x 50 mm in size for 
hardness measurements, or 3 x 4 x 10 mm in size for magnetic susceptibility measurements; 
remaining strips were additionally rolled and drawn into wire of 0.3 mm dia for electrical- 


Subsequently, 5 mm 


the 
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Elements contained (% wt.) 


Sb 


> 


0°2 
0°5 
0°2 
0°2 
0°2 
0°5 
0°5 
0°35 
0°35 
0°35 
0°35 2 


TABLE 1. CHEMICAL COMPOSITION OF COPPER-SILVER ALLOYS 
(IN CHARGE) 


A 


resistivity measurements. 


METHOD OF INVESTIGATION 


The process of ageing was followed by measuring the changes with time of the following 
properties of the alloys: (1) hardness; (2) magnetic susceptibility; and (3) electrical 
resistivity. 

Before ageing, the specimens were quenched from the temperature of maximum solubility of 
Ag in Cu (780 - 790°C) in cold water. 

The measurements of hardness were made on a Rockwell tester after every 15 - 30 min of 
ageing, which was carried out at 370°C. In the furnace, the specimens were placed between two 
substantial copper blocks, which reduced to a minimum the period of heating after each hardness 
measurement. 

The measurements of magnetic susceptibility were made on a magnetic balance [17]. The 
specimen, which was suspended from one end of the balance beam on a quartz thread, was placed 
in the space between the poles of an electromagnet, where there was also a bifiliar-wound 
heating element, permitting direct measurements at the ageing temperature. One pole of the 
electromagnet was cone-shaped and the other flat. This form of poles permitted the generation 
of a sharply non-uniform magnetic field with a steep gradient. The current in the electro- 
magnet could be varied between 0 and 8 A, corresponding to fields of between 0 and 4200 oersted. 
To the other end of the balance beam was suspended a small permanent magnet which could be 
pulled into, or expelled out of, a coil placed underneath it. 

The force acting on the specimen placed between the electromagnet poles was balanced by 
the force pulling the permanent magnet into the coil ( or expelling it out of the coil), and 
was proportional to the compensating current, which was measured. In all cases, the measure- 
ments of magnetic susceptibility were relative, i.e. the force acting on the specimen was 
compared with the force acting on a body (standard) with known magnetic susceptibility, when 
that body was placed in the same position in the field. Nickel sulphate was used as the 
standard. 

The measurements of magnetic susceptibility were made at room temperature, and at 370, 
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400 and 420°C. 

A quenched specimen was placed on the magnetic balance and its magnetic susceptibility 
was measured at room temperature. The electric heating element was then turned on, resulting 
in a rapid (5 min) temperature rise to the required ageing temperature, and from that moment 
susceptibility was measured after every 10 - 15 min. 

The measurements of electrical resistivity were made by the method of voltage-drop 
compensation at the ends of the test specimen, using a PPTV potentiometer and a sensitive 
galvanometer as a zero- deflexion instrument. Before beginning the measurements, the specimens, 
which were in the form of wires, were subjected to a quench in a vacuum: they were heated to a 
temperature of 780 - 790°C and plunged into oil whose temperature was maintained at 5 - 10°C 
below 0°C. 

After quenching, the specimen was placed in another, preheated vacuum furnace, in which 
ageing took place. After heating (during 1 min) to 370°C, the electrical resistivity was 
measured after every 15 min. 

Percentage changes were determined in the electrical resistivity and magnetic suscept- 
ibility during the process of decomposition of the solid solution. 


EXPERIMENTAL RESULTS 


The first experimental results gave the relationship between hardness, or the percentage 
change in magnetic susceptibility and electrical resistivity on the one hand, and ageing time 
at a constant ageing temperature on the other. The relative error in the measurement of 
hardness was 10 per cent, magnetic susceptibility 2.5 per cent and electrical resistivity 1 per 
cent. 

From these data, the mean rate of ageing was determined as the ratio of the maximum change 
in the magnitude measured and the time in which this change was attained. The relative error 
in the determination of this rate reached in the measurements of hardness 11 per cent, magnetic 
susceptibility 3.5 per cent and electrical resistivity 2 per cent. 

Subsequently, curves were constructed representing the relationship between the mean rate 
of ageing and per cent beryllium content at a constant antimony content. In Fig. 1 are shown 
such curves obtained from the results of hardness measurement for alloys with 0.2, 0.35 and 
0.5 per cent Sb, ageing at a temperature of 370°C, In Fig 2 are shown similar curves (for 
alloys with 0.2 per cent Sb) obtained from the results of magnetic-susceptibility measurement, 
for different ageing temperatures (370, 400 and 420°C). The relationship between the rate of 
ageing and alloy composition, obtained from the results of electrical-resistivity measurements, 
is presented in Fig. 3 (for alloys containing 0.2 per cent of antimony, at an ageing temperature 
of 370°C 


Vag 


Ob 


& 


Be Content % 


/ 

| i 
202 
Be Content % 


Be Content % 


Fig.2. Relationship Fig. 3. Relationship 


Fig. 1. Relationship 
between rate of between rate of ageing 


between rate of ageing 


(determined from hard- 
ness measurements) at 
370°C and Be content; 
constant Sb contents: 


I-0.2% sb, II-0.35% Sb, 
III-0.5% Sb. 


ageing (determined 
from magnetic-sus- 
ceptibility measure- 
ments) at different 
temperatures and Be 
content; Sb content 
of 0, 2%: 


I2370°c, II-400°C, 
III-4200¢. 


(determined from 
electrical-conductivity 
measurements) at 370°C 
and Be content; Sb con- 
tent of 0.2%. 
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In the ageing stages investigated, the effect of additions of Be only (without Sb) 
manifested itself in a slight reduction of the rate, compared with alloys without additions, 
the reduction in the rate being practically identical at 0.02 ans 0.1 per cent Be. On the 
other hand, the effect of additions of antimony only (without Be) manifested itself in a slight 
acceleration of ageing, compared with alloys without additions. 

Taking these two cases into account, one can conclude that the existence of the high 
maxima on the curves in Figs. 1 - 3 indicates that the effects of Sb and Be on the process of 
ageing, when these elements are simultaneously present in a decomposing copper-silver solid 
solution, are non-additive. 

In view of the fact that the measurements of magnetic susceptibility x could be performed 
without interruption of ageing, and that their precision was considerably higher than that in 
hardness measurement, it was possible to determine in greater detail the effect of additions 
on the process of ageing, using the results of measurements of x . From the curves of the 
relationship between the percentage change in magnetic susceptibility and ageing time (at 370°C), 
new curves were constructed, representing the effect of individual additions on the course of 
ageing. For this purpose, the difference was taken between the values of the percentage change 
in magnetic susceptibility at each given ageing time for the alloy with and without the addition. 
This difference of magnetic susceptibilities, Ax, reflected the effect of the given addition at 
some particular ageing time. Curves of the relationship between Ax and ageing time were then 
constructed. 

This relationship is shown in Fig. 4 for 0.2 per cent Sb (Curve I), 0.02 per cent Be 
(curve II) and 0.1 per cent Be (curve III). As can be seen from Fig. 4, antimony (0.2 per cent) 
accelerates ageing in the copper-silver alloy throughout the whole range of times investigated; 
at first (up to 0.5 hr), this acceleration increased very rapidly, but later, after passing 
through a maximum, it decreases. The effect of beryllium is much more complex (see curves II 
and III); although at first Be slightly accelerates ageing, after a certain time it retards it. 
At the higher beryllium content, the process of ageing of the alloy is retarded earlier and 
more vigorously. 


ax 
05 
[ 


! 


aS 10 15 20 Time, hr 
Time, hr Time, hr 


Fig.4. Effect of separate Fig.5. Effect of Be Fig.6. Effect of combined 
additions of Sb or Be on additions on course of additions of Sb and Be on 
course of ageing of alloy ageing of alloy course of ageing of alloy 
Cu-Ag (changes, due to me Cu- Ag: 

: 
additions, in time depen- (Cu-Ag) 1-0.2% Sb d 0.02% Be: 
dence of magnetic suscepti- I-0,02% Be, II-0.1% Be. 
bility of alloy Cu-Ag with- II-0.2% Sb and 0.1% Be; 
out ae ‘i III-0,2% Sb and 0.2% Be; 
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Fig. 5 illustrates the effect of Sb (0.2 per cent) on the ageing of the Cu-Ag alloy 
containing Be (0.02 and 0.1 per cent). The relationships obtained between Ax and time are 


similar to curve I in Fig. 4. 
In Fig. 6 are presented similar relationships, showing the joint effect of 0.2 per cent 


55 

OL. | 
6 
958 

~0./ 


Additions on the kinetics of ageing of alloys 


Sb and different additions of Be on the ageing of the Cu-Ag alloy without additions. In this 
case, the shape of the curves of Ax vs. time are again similar to that of curve I in Fig. 4. 
The height of the maximum decreases with increasing Be content. 


Fig.7. Effect of Be 

additions on course of 

ageing of alloy (Cu-Ag) 
+ 0.2% Sb: 


I-0,.02% Be, II-0.1% Be, 


III-c.2% Be, IV-0. 3% Be. 
Time, hr 


In Fig. 7 are shown curves illustrating the effect of Be additions (0.02, 0.1, and 0.3 
per cent) on the ageing of the Cu-Ag alloy containing an addition of 0.2 per cent Sb. This 
effect is complex. With a very small addition of Be (curve I), there is an acceleration of 
ageing, similar to that represented by curve I in Fig. 4, but the magnitude of the additional 
acceleration due to the addition of 0.02 per cent Be to the alloy (Cu-Ag) + 0.2 per cent Sb is 
considerably less than that due to the addition of 0.2 per cent Sb to the pure Cu-Ag alloy 
(curve I)in Fig. 4). In any case, the additional acceleration due to the addition of Be 
differs substantially from the effect caused by the same addition of Be to the "pure" alloy 
Cu-Ag (see curve II, Fig. 4). We will note the two main differences: (a) in the initial stage 
(0.5 hr), the addition of 0.02 percent Be to the alloy (Cu-Ag) + 2 per cent Sb results in an 
acceleration, just as it does in the alloy Qu-Ag without Sb, but this additional acceleration 
is smaller in the alloy (Cu-Ag) + 0.2 per cent Sb, than in the alloy without Sb; (b) in the 
subsequent stage (1.0 - 1.5 hr), the same addition of Be gives a noticeable additional 
acceleration in the alloy with Sb, whereas in the alloy without Sb, Be causes a retardation of 
ageing during those stages. These differences become larger when the Be additions are 
increased. A comparison of curves I and III in Fig. 4 with curve II in Fig. 7 shows that: 

(a) in the initial stage (0.5 hr), the additional effect of the addition of 0.1 per cent Be in 
the alloy (Cu-Ag) + 0.2 per cent Sb is already retarding, unlike the effect of a similar add- 

ition of Be to the alloy without Sb, which is accelerating; (b) in the subsequent stage (1.0 - 
1.5 hr), the addition of Be to the alloy (CGu-Ag) + 0.2 per cent Sb has an accelerating effect, 
in contrast to the retarding effect of the same addition of 0.1 per cent Be to the pure alloy 

Cu-Ag. 

For the explanation of the similar effect of even greater additions of Be, we only have 
available the data for alloys with both additions: 0.2 per cent Sb + 0.2 per cent Be, and 
0.2 per cent Sb + 0.3 per cent Be (curves III and IV in Fig. 7). Comparing these with the 
results described above, we can state the following. 

(a) Whereas increasing the Be addition to the pure alloy Cu-Ag slightly increases the 
acceleration of ageing in the initial stage, it increases the retardation of the process 
during the same stage in the alloy (Cu-Ag) + 0.2 per cent Sb. (b) In the following stage, 
increasing the Be addition results is a growing retardation in both the pure alloy Cu-Ag and 
the alloy (GQu-Ag) + 0.2 per cent Sb, but in the latter, this effect of Be is smaller; thus, for 
example, the additional effect of 0.2 per cent Be on the alloy (Cu-Ag) + 0.2 per cent Sb in the 
l hr stage is the same as the effect of 0.1 per cent Be on the pure alloy Cu-Ag, while in the 
1.5 hr stage it is mich smaller. The same factor which in the alloy (Cu-Ag) + 0.2 per cent Sb 
represses the retarding effect of large additions of Be during this stage, apparently results 
in the effect of additional acceleration of the process at small additions of Be (0.1 and 0.2 
per cent), which is a reverse of the effect of the same Be additions to the pure alloy. 

These comparisons clearly illustrate the non-additive effect of additions simultaneously 
present in alloys. 
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EVALUATION OF RESULTS 
(a) Effect of additions on the mean rate of ageing of alloy Cu-Ag. 


The centres of ageing are generated at the points of maximum distortion of the crystal 
lattice. The particles containing atoms of additions become points of increased lattice 
distortion and, consequently, points most likely to generate the centres of decomposition. 

The strong effect of small additions of antimony and beryllium on the rate of ageing, and 
the fact that this effect is non-uniform when the relative concentration of these additions 
changes, permit the conclusion that this effect is based on internal adsorption [18 - 20] of 
antimony and beryllium in the distorted zones at the joints between the decomposition centres, 
i.e. of the first sections with concentrated amounts of silver or of the nuclei of a new phase, 
with the surrounding solid solution [21]. As a result of concentration changes caused by 
adsorption, the rate of silver diffusion in these transition zones is strongly affected, 
causing growth of the decomposition centres and development of new crystalline nuclei of the 
phase being precipitated. 

By dislodging the atoms of the solvent in the zones of greatest distortion, the atoms of 
a horophilic addition lower the excess energy in these zones and consequently become retained 


there. 
When an alloy contains two horophilic additions, the atoms of both additions can be 


adsorbed in this fashion in the transition zones. In this case, however, an additional 
possibility of adsorption arises, due to the fact that in the transition zones there may be 
atom groupings of the basic components of the solid solution (inthis case, of copper and 
silver), representing lattice sections deformed in such a manner, that lowering the excess 
energy in them can be achieved by replacing this atomic grouping by a complex of atoms of both 


horophilic additions. 

At a low content of the second addition, the additional adsorption through such complexes 
results chiefly in increased concentration of the first addition in the adsorption zone. At a 
higher content of the second addition in an alloy, its content in the adsorption zone may begin 
to prevail over the content of the first addition. 

In the light of these considerations, one can give the following tentative explanation of 
our experimental results (see Figs. 1 - 3). In the presence in the ageing alloy copper-silver 
of an addition of antimony only, the transition zones surrounding the sections with increased 
silver concentration adsorb antimony in an amount determined by the presence in the transition 
zones of places distorted in such a manner, that lowering of the excess energy can be achieved 
by replacing the atoms of the basic components by individual atoms of antimony. 

In the presence in the alloy of both the additions of antimony and beryllium, the transit- 
ion zones may additionally adsorb beryllium as well as antimony-beryllium complexes. At a low 
content of beryllium, the latter is chiefly adsorbed jointly with antimony, as part of such 
complexes, which leads to increased concentration of antimony in the adsorption zone. Since 
the presence of antimony in the alloy copper-silver accelerates the diffusion of silver (the 
more so, the higher the antimony content), adding beryllium to the alloy copper-silver-antimony 
addition will at first accelerate ageing. Upon further increasing the amount of beryllium in 
the alloy, there will be an increase in the number of individual beryllium atoms being adsorbed 
in the transition zones, and in the proportion of beryllium atoms in the antimony-beryllium 
complexes being adsorbed. This will lead to an increase in the beryllium content in the 
adsorption zone. And, since beryllium inhibits the diffusion of silver in the copper-silver 
solid solution, it follows that, upon increasing the content of the beryllium addition in the 
alloy, the rate of ageing will begin to decrease after passing through a maximum, which in fact 
has been observed in the tests. 

Considering that in the alloys under investigation both the contents of beryllium and 
antimony are small, one can expect that the appearance of complexes of antimony and beryllium 
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atoms will be limited by the probability of encounter of the atoms of these admixtures in the 
lattice of the solid solutions Consequently, one must expect that, at a given low content of 
beryllium, the additional adsorption of the antimony-beryllium complexes will increase with 
increasing antimony content in the alloy. 

At somewhat higher beryllium contents, an increase in the antimony content in the alloy 
will therefore be accompanied by an increase in the total amount of antimany being adsorbed 
in the transition zones. A small amount of beryllium may be fully used up in the formation of 
antimony-beryllium complexes which provide additional adsorption, compared with alloys having 
no beryllium. This, in turn, will increase the rate of diffusion of silver through the 
transition zones and the rate of growth of the latter,and, ultimately, the rate of ageing. 

This, apparently, explains the increase, observed by us, in the rate of ageing of the alloy 
copper-silver with increasing antimony content, at a given beryllium content ’see Fig.1). 

At a higher antomony content in the alloy, a considerably greater increase in the beryllium 
content is required for the beryllium content to become predominant in the adsorption zone, 
than at lower antimony contents in the alloy. For this reason, at a higher antimony content 
in the alloy, the maximum on the curve of the rate of ageing is displaced in the direction of 


higher beryllium contents (Fig. 1). 
(b) Effect of additions on variations in the rate of ageing of alloy Cu-Ag with time. 


The variations in the rate of ageing at different stages of the latter, as shown by the 
data on the variations in magnetic susceptibility (Figs. 4 - 7), can be interpreted in the 


following manner. 
In the initial stage, the presence of additions in the alloy apparently stimulates the 


generation of centres of decomposition, in view of the fact that the lattice around the addition 


atoms is distorted and thus the number of distorted sections in the lattice of the original 
solid solution is greater than in an alloy without additions. 

This may explain the initial ascent of the curve of Ax , indicating an acceleration of 
ageing, brought about by additions of either Sb or Be to the alloy Cu-Ag (Fig. 4). The same 
applies to the cases of addition of Sb to the alloy (Cu-Ag) + Be (Fig. 5), as well as to the 
effect of combined additions of Sb and Be to the alloy Cu-Ag (Fig. 6). In the subsequent 
stage, the admixtures become adsorbed around the decomposition centres which have formed (in 
the distorted zones at their joints with the matrix solid solution), and this affects the 
kinetics of growth of the decomposition centres, i.e. the further course of ageing. The 
character of this influence depends on the type of the admixture. Sb accelerates this diff- 
usion process [7, 8], and accordingly curve I in Fig. 4 and curves in Fig.5 and 6 in the 
positive region of Ax . An addition of Be retards the diffusion process of growth of de- 
composition centres; accordingly, curves II and III in Fig. 4, after rapidly passing through 
a positive maximum, begin to descend, intersect the axis of abscissae and pass into the region 
of the retarding effect of additions. 

In these stages, even with a lowered rate (in the case of Be addition), the process of 
development of decomposition centrescontinues and reaches the stage in which magnetic 
susceptibility acquires a stable value (for each alloy). At that point, the magnetic method 
ceases to be sensitive to further changes in the course of ageing and, consequently, to any 
variations in this course brought about by different additions. This, presumably, explains 
the convergence of all curves of Ax vs. time at a point lying on the axis of abscissae after 
an adequate period of time (in our tests, of the order of 2 hr). 

The effect of Be in the presence of a constant Sb content (0.2 per cent) is illustrated 
by the curves in Fig. 7. At a low Be content (0.2 per cent), its presence accelarates ageing 
in the initial stage, in conformity with the effect of 0.02 per cent Be in the alloy without 
antimony (curve II in Fig. 4). However, in the subsequent stages of ageing, the addition of 
0.02 per cent Be acts jointly with 0.2 per cent Sb in a non-additive manner and continues to 
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accelerate ageing for a longer time than it does in the alloy having no antimony. The shape of 
curves II - IV in Fig. 7, representing the effect of large amounts of Be (at the same Sb 
content of 0.2 per cent), can be explained on the assumption that, with increasing Be content, 
its initial accelerating effect is transposed to earlier stages, which were not specifically 
examined in this investigation. This assumption is supported by the tendency which can be 
observed on comparing curves IJ and III in Fig. 4. 

Apart from this cause, however, the absence of an accelerating effect of Be additions on 
the decomposition of alloys (Cu-Ag)+ 0.2 per cent Sb in the initial stage may also be due to 
the fact that, in joint action of Be and Sb additions, their atoms are not distributed 
individually (independently of each other) in the original alloy, but form complexes, which are 
made up of the larger Sb atoms and smaller Be atoms. Lattice distortion around such a complex 
will therefore be less than around individually-distributed atoms of Sb or Be. Thus, the 
stimulating action of distortions, brought about by the additions, will be weakened in the 
simultaneous presence of Sb and Be in the alloy Cu-Ag. This may, in particular, explain the 
non-additively weakened accelerating effect of the additions of 0.02 per cent Be and 0.2 per 
cent Sb in the initial stage of decomposition of the alloy Cu-Ag (compare the initial section 
of curve I in Fig. 7 with the initial sections of curves I and II in Fig. 4). The effect of 
the additions of Be and Sb is equally non-additive at other contents and in other alloys 
(compare the shape of the curves in Fig. 7 with the shape of the corresponding curves in Fig.4). 

The effect of Be on the ageing of the alloy with 0.2 per cent Sb in the subsequent stages 
is one of general retardation, as illustrated by the minima on curves II - IV in Fig. 7. The 
position of these minima with respect to time has been displaced toward earlier stages, 
compared with the corresponding curves of the effect of Be alone, without Sb (curves II and III 
in Fig. 4). 

Thus, the effect of simultaneous additions of Be and Sb is non-additive, in comparison 
with the effect of these additions (in the same amounts) taken individually. 

The general tendency exhibited by the effects of Be additions both in the pure alloy Cu-Ag 
and the alloy (Cu-Ag) + Sb amounts to a retardation of ageing or reduction of the accelerating 
The non-additive action of joint additions of Be and Sb can be 


effect due to Sb additions. 
the actual joint effect is less accelerating 


summarized by stating that, in the initial stage, 
than would be the case with additive action. Conversely, in later stages, this effect is more 


accelerating than in the case of additive action. 
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Fig.8. Comparison of actual 
effect of 0.02% Be and 0, 2% effect of 0.1% Be and 0.2% 


Fig.9. Comparison of actual 


Sb on course of ageing of 
alloy Cu-Ag, with effect 
calculated on assumption of 
additive action of admixtures. 


Sb on course of ageing of 
alloy Cu-Ag, with effect 
calculated on assumption of 
additive action of admixtures. 


This is illustrated in Figs. 8 and 9, in which the continuous-line curves have been 
obtained from the actual experimental data on the joint effect of Sb and Be additions, and the 
dotted-line curves have been obtained (on the assumption of additive action of the admixtures) 
by adding the ordinates of curves I and II or I and III, respectively, in Fig. 4. 

A comparison of the actual effect of joint additions of Sb and Be with the effect one would 
expect if it were to consist of a sum of the effects of each addition acting independently, 
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shows that, in the initial stages of ageing, there is a deviation from additiveness in the 
direction of retardation (reduction of acceleration effected, compared with the alloy without 
additions), and in the later stages, there is an opposite deviation, in the direction of 
intensified acceleration. We see that the general tendency displayed by the effect of 
beryllium on the kinetics of ageing of Cu-Ag - base alloys amounts to a retardation of the 
process, whereas antimony essentially has an accelerating effect. Consequently, the observed 
deviations from additivenesscan be interpreted as indications of predominant influence of 
beryllium in the initial stage of the process, and of antimony in the subsequent stages. This 
can be regarded as a confirmation of the hypothesis put forward in the introduction to this 


article. 


CONCLUSIONS 


(1) The mean rate of isothermal decomposition of the solid solution of silver in copper, 
expressed as a ratio of the maximum change in a property of the alloy (hardness, magnetic 
susceptibility, electrical resistivity) to the time required for this change, varies 
substantially under the influence of joint additions of Sb and Be (in amounts considerably 
below their solubilities). Whilst the individual effect of Sb on the decomposition is 
accelerating and that of Be retarding, the simulatneous effect of these additions on the mean 
rate is non-additive. At a given content of the Sb addition, the mean rate of decomposition 
at first increases with increasing content of the Be addition, reaches a maximum and then 
gradually decreases. The values of the rate of decomposition at all Be contents (including 
the maximum) are the higher, the greater the Sb content; at the same time, the position of the 
maximum is displaced in the direction of greater Sb contents. 

(2) The relationship between the mean rate of decomposition of the alloy Cu-Ag and the 
amounts of the Sb and Be additions may be explained on the basis of a hypothesis of internal 
adsorption of these additions in the zones with distorted structure, joining the centres of 
decomposition with the matrix solid solution. In this, it is assumed that, apart from 
adsorption effected by individual atoms of the additions, when two additions are present 
simultaneously, additional adsorption of atom complexes of the two additions is possible; this 
complex adsorption lowers the excess energy of distortions in those places, in which adsorption 
of individual atoms, owing to the nature of distortions, gives no such lowering of the energy. 

Additional adsorption of the complexes alters the overall concentration of each addition 
in the adsorption zone, thereby affecting the degree to which adsorption influences the 
kinetics of decomposition; the extent of these changes depends on the amounts of the 
simultaneously-present additions. At a given antimony content, small amounts of Be become 
adsorbed, chiefly as part of the complexes, resulting in increased concentrations of Sb in 
the adsorption zones, and thus intensifying the accelerating influence of antimony. At 
higher contents, Be can also be adsorbed individually; upon increasing in this way its 
concentration in the adsorption zone, Be exerts to a larger extent its retarding influence on 
the decomposition. 

(3) The variations in the rate of decomposition during its actual course, caused by Sb 
and Be additions, are also found to be non-additive. In the initial stage, when the kinetics 
of decomposition is mainly influenced by the generation of the centres of decomposition, the 
stimulating effect of the additions on the generation, caused by local distortion of the 
lattice near the addition atoms, is non-additive; this is presumably caused by the fact that 
local distortions near the atoms of each individual addition are more severe than in the case 
of complex disposition of atoms of the two additions, since the atoms of Sb are bigger than 
the atoms of the solvent, and the atoms of Be are smaller than the latter. 

The non-additive effect of the additions in the later stages, when a principal part is 
played by the growth of the decomposition centres, which is influenced by the admixtures 


60 
VOL. 
6 
195% 


Additions on the kinetics of ageing of alloys 


through their adsorption in the zones surrounding the growing centres, is presumably due to 
the circumstance that, at first, beryllium is adsorbed to a greater extent, while later, in 
consequence of internal adsorption, the relative share of antimony increases. 
with time of the phenomena of adsorption activity of Be and Sb may be connected with 
changes in the nature and magnitude of distortions in the zones linking the decomposition 
centres with the matrix solid solution, occurring in the course of growth of these centres. 
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In a previous paper [1] the general 
regularities of the diffusion shift of the 
phase boundaries were examined for binary 
alloys, which is very useful for the 
analysis of various phase transformation 
processes. The authors started from the 
assumption that with the emergence of 
interphase surfaces boundary compositions 
quickly establish themselves on both sides position of phase 
and remain constant which, to a first seeniaieions 
approximation, are determined by the FIG.2. Schematic distribution 4 the 

concentrations of the elements A, 
boundaries of the two-phase region of the and C with shift of phase boundary. 
phases in contact at the given temperature 
in the phase diagram. In various binary 
alloys these boundary compositions remain 
constant at constant temperature and are 
determined by the concentration of one of 
the components, since the concentration of 
the other component can be regarded as a 
dependent variable. 

A slightly different situation is content 
observed in complex alloys. Even in a Fig.3. Schematic sketch of isothermal section 
temary systen the boundary compositions on the. of 


earbon - alloying element which lowers the tem- 
ture of the transformation. 


% content of 
alloying element 


the phase diagram are determined by the 
concentration not of one but of at least two 
of the components. At constant temperature 
they do not remain constant for alloys 
differing in composition but may change 
within certain limits in accordance with 

% content of alloy C the existence of a two-phase equilibrium 
FIG. 1. Isothermal section of ternary region in the horizontal (isothermal) 
phase diagram through the region of section of the phase diagram. 
the two-phase equilibrium of the P 
ia- sly It is known that when a state of equili- 
e brium is established the existence of an a- 
Fiz. metal. metalloved. 6, No.4, 643-649, 1958 and &-phase is possible when the points 


% content of alloy B 
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characterizing the compositions of these 
phases lie on curves outlining a two-phase 


region (a + £) and the tie line linking these 


points passes through the point of the 
average composition of the alloy (Fig.1). 

If equilibrium has not yet been reached in 
the alloy there are grounds for supposing 
that owing to the energetically developing 
interaction of the phases at the phase 
boundary in this case, too, the boundary 
compositions of these phases will be found 
at the ends of the same tie line although 
the latter does not pass through the point 
of average composition of the alloy. In 
other words, one may assume that if there is 
a boundary separating two phases, such 
boundary compositions establish and maintain 
themselves constant on both sides of it as 
are, to a first approximation, determined by 
the boundaries of the two-phase region of 
the phases in contact in the horizontal 
section of the ternary phase diagram and lie 
at the ends of the same tie line. Since 
within the limits of the two-phase region 
such tie line can be drawn in infinite 
numbers, there can be very many values for 
the boundary compositions of the phases in 
contact. 

If one, however, considers the shift of 
the inter-phase surface under the effect of 
the diffusion processes in the adjoining 
phases one can deduce an additional 
condition which fully determines the 
boundary compositions of the phases in 
contact. If the boundary compositions do 
not change essentially with the shift of the 
phase interface the following equation 
derived from Fig. 2 should hold: 

Am, Ams Ame 
Here dL/dT is the shift in the phase 
boundary in unit time; Amy, Amp, Ame 
are the amounts of the elements A, B and C 
which are led to or from the unit phase 


(1) 


surface in unit time; Acoh.b Ack»: 
Ao, , are the differences in the boundary 
concentrations of the elements A, B and C 
respectively existing on the inter-phase 
surface. 


One may assume that the diffusion of one 
of the elements, for example the solvent A, 
is closely linked with the diffusion of the 
two other elements, that is, the concentra- 
tion of these elements is a dependent 
variable and is determined by the concentra- 
tion of the other elements. In that case 
the above condition is somewhat simpli fied 


and takes the form 
aL Amz Ame 
(2) 


It follows from the above that for the 
normal shift of the phase boundary the 
following condition must necessarily hold: 


Amz AcBh.b 


Ame 


(3) 
ph.b 


Graphically this condition can be inter- 
preted in the following way. The right side 
of equation (3) represents the relation 
between the differences in the boundary 
concentrations of the elements B and C on 
the interphase surface and is numerically 
equal to the tangent of the angle of 
inclination of the tie line which links the 
boundary concentrations in the horizontal 
section of the ternary phase diagram. 

The left side of equation (3) represents 
the relation between the rates of the 
diffusion processes of the elements B and C 
in the phases adjoining the boundary. If 
the magnitude and direction of the effect of 
these diffusion processes on the boundary 
compositions of the phases in contact are 
represented by two vectors Amp and Ame 
(Fig.1) the tangent of the angle of inclina- 
tion of the vector sum Am will numerically 
be equal to the left side of equation (3). 

With the diffusion shift of the phase 
boundary in a complex alloy boundary compo- 
sitions should establish themselves on the 
inter-phase surface for which the angle of 
inclination of the vector sum characterizing 
the rate of the diffusion processes in the 
adjoining phases coincides with the angle of 
inclination of the tie line which links the 
boundary compositions of the phases in 
contact in the horizontal section of the 
phase diagram (Fig.1). Hence, with the 
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Time, min. 


% content of 
alloying element 


alloying element 
carbon and 


% content of ™ 


carbon and 


Time, min. 


Fig.4. Nature of the change in composition 
of the emerging Q - solid solution at various 
stages of the transformation. 


Dotted lines show the concentrations of 

carbon and the alloying element in the Q - 

solid solution which corresponds to equili- 
brium conditions in the given alloy. 


a the alloying element lowers the temper- 
ature of the Y transformation; 


b: the alloying element raises the temper- 

ature of the AY transformation. 
diffusion shift of the phase interface, 
boundary compositions should establish 
themselves on its surface which are not 
arbitrary but are fully determined by the 
distribution of the tie lines within the 
limits of the two-phase region and by the 
relation between the rates of the diffusion 
processes of the various elements in the 
Thereby out of the large 
number of possible tie lines lying within 
the two-phase region only that tie line 
which satisfies equation (3) should be 
realized in the process of the shifting of 


adjoining phases. 


the phase interface. 

Evidently, if the above conditions are 
observed the shift of the phase interface 
in a complex alloy should be governed by the 
same regularities which were formlated 
earlier for the case of binary systems fa]. 
Thus, the direction of the shift of the phase 
interface can be foretold with the aid of 
if under the influence 
of diffusion or any other processes in the 


the following rule: 


adjoining phases there is a tendency to 
increase the boundary concentration of any 
one of the elements on the phase boundary 
then as a result of the process of “inter- 
phase diffusion" the phase interface itself 
should shift to the side of the phase with 
lower boundary concentration of that element; 
if, on the contrary, under the infiuence of 
processes in the adjoining phases there is a 
tendency to lower the boundary concentration 
of any one element on the inter-phase inter- 
face, the latter should shift to the side of 


the phase with the greater boundary concen- 
tration of that element. 

The rate of the diffusion shift of the 
phase interface can in the case of diffusion 
processes occurring in only one phase be 
estimated by the formula, 


de 


_ Am dx 


dt AC ph. b 


(4) 


With the development of diffusion in both 
phases this expression becomes a little more 
complex and takes the form 


In the last equation the indices 1 and 2 
at the diffusion co-efficients and concen- 
tration gradients refer respectively to the 
corresponding characteristics of the first 
and second phase. 6 
We note that the results of the calcula- 
tions with the above equations should be the 
same independently of the element of which 
the diffusion is considered. This follows 
from equation (1) which is based on the 
assumption that the boundary concentrations 
are constant and cannot be changed arbitrarily 
in the process of the shifting of the phase 
boundary. 


APPLICATION OF THE DEVELOPED 
PROPOSITIONS TO THE PROCESS 
OF THE GROWTH OF FERRITE FROM 
SUPERCOOLED AUSTENITE. 


The above given considerations on the 
peculiarities of the diffusion shift of the 
phase interface in complex alloys are useful 
in the analysis of many processes occurring 
in alloys during solidification or heat 
treatment. To illustrate the use of these 
considerations we shall dwell only on the 
process of ferrite formation from supercooled 
austenite allied with another element besides 
carbon. 

Let us assume that the horizontal section 
of the ternary phase diagram iron - carbon - 
alloying element at the temperature of the 
transformation has the form schematically 
shown in Fig.3. Such a horizontal section 
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of the phase diagram is characteristic in 
the presence in the alloy of nickel or 
manganese which lower the temperature of the 
a Y transformation. 

It is easy to show that in the presence of 
the original austenite of the composition of 
point A the first growing particles of ferrite 
will have a composition not determined by the 
position of point 1 which corresponds to the 
condition of equilibrium between ferrite and 
austenite in the given alloy, but a 
composition determined by the rate of the 
diffusion process in austenite and the 
position of the tie lines in the two-phase 
region. Of this one can easily convince 
oneself if one bears in mind that the 
diffusion coefficient of carbon in austenite 
is usually some thousands or tens of thousand 
times greater than the diffusion coefficients 
of the majority of alloying elements, not 
counting, of course, such elements as 
nitrogen, hydrogen, etc. 

If one assumes that already in the early 
stages of the transformation the formation 
of equilibrium ferrite of the composition of 
point 1 occurs, one must expect that owing 
to the rapidly developing diffusion of carbon 
the effective direction of the vector sum of 
the diffusion processes does not coincide with 
the direction of the tie line linking the 
border compositions of the adjoining phases 
(see Fig.3). 


% content of carbon 
and alloying element 


% carbon content 


FIG. 5. Schematic sketch of isothermal 
section through the region of the 
two-phase equilibrium (@ + Y) in the 
ternary phase diagram iron-carbon- 
alloying element which raises the temp- 
erature of Ytransformation. 


If they are to coincide it is necessary 
to have on the inter-phase surface other 
boundary compositions which would ensure a 
lesser gradient of the carbon concentration 
across the adjoining austenite parts or a 


greater gradient of the concentration of the 
alloying element. Evidently, the boundary 
compositions of ferrite and austenite 
corresponding to the positions of the points 
1' and 2’ will satisfy this condition and 
only these should establish themselves on 

the inter-phase surface in the process of the 
growth of the a solid solution (Fig.3). 

We note that the position of the points 
1' and 2' are to a large extent determined by 
the relation between the rates at which 
diffusion processes of carbon and the alloy- 
ing element occur through the disintegrating 
austenite and also by the angle of inclina- 
tion of the tie line within the limits of the 
two-phase region (a + Y). In essence, the 
direction of the course of the tie line in 
the limits of the two-phase region (a + Y) 
determines the relation and role of the 
diffusion processes of carbon and the alloy- 
ing element during the growth of the a-solid 
solution. 

The greater the angle of inclination of 
the tie line (in the case of the sketch of 
the horizontal sections accepted by us), the 
less is the role of the diffusion of carbon 
and the greater the role of the diffusion of 
the alloying element and vice versa. With a 
horizontal position of the tie line only the 
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and alloying element 
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FIG.6. Schematic sketch of isothermal 
section through the region of the two- 
phase equilibrium (2 + Y ) in the ternary 
system iron-carbon-alloying element of 
the molybdenum type. 


diffusion of carbon will be significant, and 
with a vertical position of the tie line only 
the diffusion of the alloying element. 

In the process of the development of the 
transformation the rate of diffusion of 
carbon and the alloying element along the 
section of the original austenite inevitably 
changes, since the effective diffusion dis- 
tance changes as well as the composition of 
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the parts of the austenite which are remote 
from the inter-phase surface. Because of 
this, not only will the rate of development 
of the ferrite part change in the process of 
ferrite growth, but simultaneously there will 
occur a change in its composition (Fig.4a). 
These changes should be observed for as long 
as there is not complete equalization of the 
composition throughout both the ferrite and 
austenite. At that moment ideal equilibrium 
is established and the compositions of ferrite 
and austenite will correspond to their 
equilibrium values, that is, they will be 
determined by the positions of points 1 and 2 
in the horizontal section of the phase diagram. 

From what has been said it follows that in 
the presence of alloying elements which lower 
the temperature of the a@ ~ Y transformation 
the process of the growth of ferrite always 
occurs in the presence of a very small 
gradient of carbon concentration across the 
adjoining austenite parts.* It is therefore 
no accident that nickel and manganese, which 
lower the temperature of the a7 Y transfor- 
mation, are the elements which drastically 
reduce the rate of the diffusion trans forma- 
tion of austenite. It is characteristic that 
this effect of these elements is present 
although they have little influence on the 
value of the diffusion coefficient of carbon 
in austenite [2, 3]. 

A similar analysis of the process of 
ferrite growth can be made also in the 
presence of alloying elements which do not 
lower but raise the temperature of the 
a> Y transformation. For instance, if we 
have a horizontal section of the ternary 
phase diagram (Fig.5) and an initial 
austenite composition of point A the ferrite 
parts will grow with a composition of point 
1‘ which should adjoin austenite parts of a 
composition determined by point 2'. In the 
measure in which the transformation deveiops 
the composition of the emerging ferrite parts 


* Let us remember that the rate of the diffusion 
shift of the phase interface may be judged from 
the earlier given equations (4) and (5), and 
should yield the same result independent of the 
element of which the diffusion is examined. There- 
fore, in future we shail take into account only 
the rate of the diffusion of carbon, assuming that 
the rate of the diffusion of the alloying elements 
is closely linked with it. 


will gradually change and in the final 

regain should approach the values which 
follow from the equilibrium condition (Fig. 
4b). It is easy to see that the process of 
the growth of ferrite in the case under 
consideration will occur at a higher gradient 
of the carbon concentration across the 
adjoining austenite parts than in the process 
of the growth of ferrite in analogous carbon 
steel. If the alloying elements have little 
effect on the diffusion coefficient of carbon 
in austenite, or, increase it, then they 
should evidently hasten the process of ferrite 
growth. Apparently, silicon, aluminium and 
certain other elements have this effect. If, 
however, the alloying elements reduce the 
diffusion coefficient of carbon in austenite, 
then an increase in their content will at 
first hasten the process of ferrite growth 
but from a certain moment onwards should act 
as a brake on this process. 

The delaying effect of these elements 
should be the stronger the more they reduce 
the diffusion coefficient of carbon in 
austenite, the less they shift to the right 
the line of the equilibrium compositions of 
the austenite at the ferrite boundary and 
the lower the value of the diffusion 
coefficient of these elements in austenite. 
All other conditions being equal, the delay- 
ing effect of the elements which raise the 
temperature of the @ <—Y transformation and 
lower the diffusion coefficient of carbon in 
austenite should be weaker than the effect 
of the elements which raise the temperature 
of the a = Y transformation and secure a 
sharp reduction in the gradient of the 
carbon concentration across the austenite 
parts adjoining the growing ferrite nucleus. 
Apparently, the weaker effect of such 
elements as, for example, tungsten on the 
kinetics of the diffusion transformation of 
austenite compared with the effect of such 
elements as nickel or manganese is also 
linked with this. 

In the presence of alloying elements which 
raise the temperature of the a7 Y transfor- 
mation, for example in the system iron - 
carbon - molybdenum [4], the horizontal 
section of the phase diagram can sometimes 
have the aspect schematically shown in Fig.6. 
In this case an increase in the content of 
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the alloying element leads to a decrease in 
the gradient of the carbon concentration 
across the austenite parts adjoining the 
growing G-solid solution, that is, has a 
similar effect to that of the elements which 
lower the temperature of the a <¥Y transfor- 
mation. 

Similar alloying elements, of the type of 


molybdenum, delay the process of ferrite growth 


both on account of the decreased gradient of 
the carkon concentration and of the reduction 
of the diffusion coefficient of carbon in 
austenite. It is characteristic that the 
effect of these elements on the gradient of 
the carbon concentration in austenite is 
weaker, but their effect on the diffusion 
coefficient of carbon in austenite is 
stronger than the effect of the elements 
which lower the temperature of the as Y 
transformation. Therefore the combined 


effect of such elements can in the force of 
its action be compared to the effect of such 
elements as nickel or manganese which, as is 
well known, most strongly delay the process 


of ferrite formation from supercooled 
austenite. 

From the nature of the horizontal section 
of the ternary phase diagram one may conclude 
that the effect of molybdenum on the gradient 
of the carbon concentration in austenite and, 
hence, on the rate of ferrite formation will 
be weak in low carbon steels and should 
increase with the carbon content in the 
austenite. It is interesting that this 
conclusion is very well confirmed by experi- 
mental data [5] which shows that an increase 
in the molybdenum content of low carbon steel 
has almost no effect on the position of the 
line of beginning ferrite formation, while a 
similar increase of the molybdenum content in 
medium carbon steel moves this line sharply 
to the right. 

The above considerations on the nature 
of the effect of alloying elements on the 
process of ferrite growth from supercooled 
austenite are in good agreement with known 
experimental data on this question and makes 
it possible more correctly to understand and 
assess the role of alloying elements during 
diffusion transformations. They show that in 


assessing the effect of alloying elements it 
is necessary to pay attention not only to 

the value of the diffusion coefficients of 
these elements or their effect on the 
diffusion coefficient of carbon in austenite. 
Ano less important, and at times even a 
major object, is the effect of the alloying 
elements on the boundary compositions of the 
phases which establish themselves in the 
process of the transformation on the inter- 
phase surface. As has been shown above, 
these boundary compositions are determined by 
the relation between the rates with which the 
processes of the diffusion of carbon and the 
alloying elements occur in the decomposing 
austenite, and also by the nature of the 
horizontal section of the ternary phase 
diagram. 

Besides the considerations presented above 
show that the phases which emerge in the 
initial stages of the transformations have as 
a rule a non-equilibrium composition which 
gradually changes with the development of the 
transformation. It is not at all necessary 
here that the contents of the alloying 
elements in the emerging parts of the new 
phase in the initial stages of the transfor- 
mation correspond accurately to the content 
of these elements in the original austenite. 
If one turns to the earlier examined process 
of ferrite formation it is easy to see that 
the content of alloying elements in the first 
growing parts of the a-solid solution may be 
either higher or lower than their original 
content in the austenite. This rule holds 
independently of whether the alloying elements 
raise or lower the temperature of the a‘ y 
trans formation. 


CONCLUSION 


An analysis of the peculiarities of the 
diffusion shift of the phase interface in 
complex alloys shows that in the process of 
the shifting of the interphase surface, 
certain boundary compositions should maintain 
themselves on both sides of it. These compo- 
sitions are determined both by the nature of 
the isothermal section of the ternary phase 
diagram and by the relation between the rates 
with which the diffusion processes of the 
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different elements occur in the adjoining 
phases. The magnitude and direction of the 
effect of the diffusion processes of the 
various elements on the boundary compositions 
of the phases in contact can be represented 
as separate vectors. The direction of the 
vector sum characterizing the diffusion 
processes in the adjoining phases should 
then coincide with the direction of the tie 
line which links the boundary compositions of 
the phases on the shifting phase boundary. 
The application of these considerations 
makes it possible to understand more deeply 
the nature of the effect of the alloying 
elements on the compositions and kinetics of 
ferrite growth during the decomposition of 
supercooled austenite. The same considera- 
tions will evidently be useful also for the 
analysis of other diffusion transformations 


occurring in ternary and more complex systems. 


Translated by B.Ruhemann 
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In recent years several papers [1-3] have been published which establish the laws 
governing the process of volume shrinkage in the sintering of metal powder pressings. 
In these papers "isothermal" curves for the shrinkage are described from the data of 
experiments which were not strictly isothermal since a considerable part of the 
total shrinkage occurred during the time of heating to the given temperature. The 
defect of the equations in the papers (1, 2] is that they contain constants which in 
essence do not have a consistent physical interpretation. 

An important step in the direction of a correct solution to the question of the 
kinetics of shrinkage was made by Pines who for the first time indicated [4] the 
connexion between the kinetics of shrinkage and the kinetics of the removal of the 
removal of the defects in the crystal lattice of the powders. Taking this connexion 
into account made it possible [3] to establish equations for the kinetic curves 
which contain constants with a clear physical significance. These constants were 
expressed through known properties of the substances and the self-diffusion 


coefficients in the distorted lattice. 


As has, however, already been pointed out 


[5], the experimental curves obtained in [3] are not strictly isothermal either. 
In paper [5] a method was used by which the sintering is done under a regime of 
heating by stages, the number of stages being large, so that within the limits of 
each stage the process could be considered as being virtually isothermal. In this 
paper the kinetic law has been established experimentally, according to which the 
shrinkage under an isothermal regime (over long periods) is proportional to 7 1/2. 
The measurements described below were made with the aid of a different method 
according to which the process of shrinkage of the samples pressed from "active" 
powders is studied under a regime of heating at a constant rate effected without 


interruption. 


METHOD OF CONSTANT RATE OF HEATING 


We know that the diffusion coefficient 
is a structure sensitive quantity. The 
presence of defects of the crystal lattice 
can be the cause of a considerable increase 
in the diffusion coefficient in individual 
cases reaching from 2 to 4 orders of magni- 
tude. Indirect testimony to the structure 
sensitivity of the diffusion coefficient is 
that by contrast with other physical 
properties of the crystal lattice (electric 


“Fiz. metal. metalloved. 6, No.4, 650-656, 1958. 


conductivity, density, etc.) which in the 
process of smelting change by a few or 
perhaps ten per cent, the diffusion co- 
efficient on smelting changes by a jump of 
from 4 to 5 orders of magnitude. Because of 
the high sensitivity of the diffusion co- 
efficient to the presence of defects in the 
crystal lattice the kinetics of diffusion 
processes (sintering, diffusion creep, etc. 
should be studied in connexion with the 
kinetics of the removal of defects [5]. 
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Since the heating to the given temperature 
is accompanied by the removal of defects and, 
as a result of this, a change in the 
diffusion coefficient, the study of the 
kinetics of diffusion processes in a 
defective lattice under the conditions of 
isothermal experiment will lead to results 
which will depend on the regime of heating 
the sample. Thus, in isothermal experiments 
with two samples identical in their initial 
state but having a different history of 
reaching the isothermal conditions, the 
magnitude of the effect in a diffusion 
process as a function of time will be 
described by different kinetic curves. This 
may be illustrated by the results of two 
isothermal experiments of sintering copper 
pressings of the same porosity and obtained 
by compressing identical powders but which 
reached a temperature of 960°C over 
different periods of time. (Fig.1). It is 
evident that the "isothermal" curves in the 
two cases quoted are described by very 
different kinetic equations. This result 
was already obtained in paper (s]. 

All that has been said above refers only 
to objects with defective crystal lattice. 
In the investigation of self diffusion in 
objects which are in genuine equilibrium and 
the heating of which is not accompanied by a 
change of phase of the object the history of 
this heating is of no account. 

In connexion with what has been said it 
is useful to make observations of the 
kinetics of shrinkage in the process of 
heating the sample uninterruptedly. Since 
the simplest law of uninterrupted change of 
temperature with time which can easily be 
put into practice experimentally is dT/dt = 
const., we shall,in future, speak of the 
method of constant rate of heating. 

The kinetic coefficients (coefficients 
which determine the speed of the diffusion 
processes: sintering, diffusion creep, 
diffusion homogenization) found from the 
data of experiments made under a regime of 
constant rate of heating are, of course, 
not single-valued characteristics of the 
diffusion processes in a defective lattice. 
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FIG.1. “Isothermal” curves for the 
shrinkage of powder pressings heated 
to | = 960°C at different rates. 


The kinetic coefficients obtained from 
the data of experiments made under a certain 
selected regime of heating are not single- 
valued. This is linked to the fact that the 
state of the crystal lattice of the sample 
depends on the path by which the sample 
reaches a given point (in co-ordinates T - t), 
that is on the selection of the regime of 
heating and may prove different after 
arriving at the same point by different paths. 
Therefore, these coefficients practically 
refer to a certain selected regime of 
heating. It is nevertheless useful to find 
these coefficients since they can be used in 
the comparative evaluation of the results of 
experiments made at different rates of 
heating and with samples which in their 
original state are characterized by a 
different degree of defectiveness in the 
crystal lattice. With a rate of heating w 
the diffusion flow dO in the time dt is 
written in the form: 


d§ = Ad(t, w)- ye(t, w) - dt, (1) 


where \ (t;w) is the kinetic coefficient, 

Vc the concentration gradient, A a constant. 
The kinetic coefficient A(t;w) which appears 
in (1) must be understood as corresponding to 
the state of the lattice of the sample at the 
moment of time t, heated at the constant rate 
w= const. Transposing towards a suitable 
solution of diffusion processes (sintering, 
creep) at which the concentration gradient of 
the vacancies is essentially a weaker func- 
tion of time and the rate of heating than the 
corresponding kinetic coefficient, (1) may be 
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rewritten in the form: 
w)- dt. (2) 
From (2) follows: 1 48 — 
(3) 
B dat B. 
Here B is a constant, w = dI/dt the rate of 
heating. The coefficient A(t;w) thus found 
determines the momentary speed of the 
diffusion process in the sample with a 
defective crystal lattice at the temperature 
to which it has been heated in the time ¢ at 
the rate w, that is, at T= ¢t * w. It must 
be emphasized that A at the same temperature 
will have a different value if the heating 
is done at a different rate. 

In the case of the sintering of metal 
powders the role of d@ is played by the 
expression d ((Ad)/(L,)]. Rearing in mind 
the connexion between the diffusion 
coefficient and the expression AL/L, 
established in the diffusion theory of 
sintering [8] for the case of the isothermal 
process, one can obtain an expression for 
the effective diffusion coefficient under 
the conditions of the "isovelocity" experiment 
(see below). 


MEASUREMENTS 


The experiments were made with the aid of 
a differential dilatometer made of quartz, 
with optical registration. The magnification 
was 600. In our apparatus the thermocouple 
passed through the quartz rod of the 
dilatometer and touched the sample directly. 
The latter was necessary because in measure- 
ments made at high rates of heating there 
could otherwise have been a temperature lag 
between the dilatometer space and the sample. 
A constant rate of heating within the limits 
of the given experiment was maintained by 
varying the current which passed through the 
dilatometer furnace. In the experiments 
described the rate of heating varied over 
two orders of magnitude, from 0.05 to 5 
°/sec. 

All experiments were made in an atmosphere 
of flowing hydrogen. The samples were 
cylindrical (d = 4.3 m, L, = 7 mm) copper 
powder pressings with a grain size of the 
order of 40 4. To ensure even porosity 


throughout the height the pressing was done 
in a mould with two movable punches. The 
initial porosity of the pressings was 7 ~ 40%, 


KINETICS OF LINEAR SHRINKAGE 
AT CONSTANT RATE OF HEATING 


The experimental curves for the dependence 
of the relative linear shrinkage on time at a 
fixed rate of heating are given in Fig.?. A 
distinctive feature of these curves is the 
presence of a point of inflexion. On the 
curve AL/L., = 9(t) w = const. this 
inflexion may, speaking generally, be the 
result of, two causes: a decrease in the 
"activeness* of individual powders which may 
quantitatively be characterized by the 
self-diffusion coefficient (D; ) or a 
decrease in the number of pores. 


/ 


FIG.2, “Isovelocity" curves for the 
shrinkage of powder pressings. 


Rate of heating (from left to right): 
S; 2; 0.8; 0,4; 0.2; 0.1 and 0.05 °/sec. 
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FIG. 3. Dependence of the temperature at 

which the inflexion point is found in the 

shrinkage curve on the initial porosityof 
the pressing. 


Our experiments were, however, made under 
conditions where the number of active pores 
changes slowly, at all events much more 
slowly than ~ 1/D;. To reduce the possibility 
of the effect of a change in the number of 
active pores copper powders of slight 
activeness were used so that even under the 
slowest regimes the final porosity of the 
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sample was not less than 20 per cent. To 
obtain independent evidence that the 
observed inflexion is the result of a 
decrease in the “activeness" of the powders, 
the following control experiments were made. 
From the powders used in the main measure- 
ments samples of different initial porosity 
were pressed and sintered at one and the 
same rate of heating. As can be seen in 
Fig.3, the point of inflexion on the 
experimental curves is found at virtually 
one and the same temperature. If one takes 
into account that the samples with different 
initial porosity at the moment of reaching a 
temperature of ~ 900°C had a different number 
of pores, then the observed independence of 
the temperature at which the point of 
inflexion is observed of the initial porosity 
of the pressing is a pointer to the virtual 
independence of the position of the point of 
inflexion of the number of pores. 

In order to better study the existing 
regularities the experimental curves were 
transcribed into co-ordinates AL/L, T 
(Fig.4). The nature of the dependence of 
the position of the point of inflexion on 
the rate of heating is clearly seen in Fig.5 
which shows the curve d/dT(QL/L,) - (T). 
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FIG. 4. "Isovelocity" curves for the 
shrinkage of powder pressings in the 


const. 


As follows from Fig.5, the maximum on the 
curves shifts to higher temperatures. There 
is no maximum on the curve which corresponds 
to w= 5x 1077, It should apparently be 
found above 1000°C. 

It is interesting to trace the temperature 
dependence of the effective self-diffusion 
coefficient which determines the “activeness" 
of the powders and the "activeness" of the 
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FIG.5.Curves of the dependence of d/dT (A 1/1,) 


on T at w = const. 


powder pressings. Using the relation (4) and 

the curves of the function AL/L, =O(t) 

W = const., one can trace the function 

D = 9(T), which in the form of curves In(DN) 

= ¢(T) is shown in Fig.6. It follows from 

the curves of Fig.6. that (a) the effective 
2g(DW) 
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FIG.6. Curves for the temperature dependence 
of the effective diffusion coefficient on 
the temperature at W = const. 

Rate of heating: 1-5; 2-2; 3-0-8; 

420.4; 5-0.2; 6-0.1; and 7-0.5 °/sec. 


+ In the present paper, as in paper [7], the 


question of the excess vacancies in the lattice 
of a metal of galvanic origin is studied from 
data on the kinetic volume contraction of porous 
Pressings and on the growth of macroscopic pores. 
The evidence on the time and temperature 
dependences of the quantity AE sé obtained as a 
result of the study of the two effects mentioned 
are in qualitative agreement. This speaks in 
favour of the conception that the greater diffusion 
activeness" of a metal of galvanic origin is 
conditioned by the presence of excess vacancies. 
The presence of excess vacancies need, however, not 
be the only cause of the greater diffusion 
"activeness". In particular, the presence in the 
sample of macroscopic defects can under certain 
conditions determine the rate at which the self- 
diffusion processes go on, 


The role of the macroscopic defects will be 
examined separately in greater detail. 
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self-diffusion coefficient of the crystal 
lattice of powders of galvanic origin is not 
a single-valued function of the temperature 
as in the case of the equilibrium lattice 
without defects, where D ~ en PRT | The 
magnitude D depends essentially on the pre- 
history of the samples determined by the rate 
at which they reach the given temperature; 
(b) the value of the effective self-diffusion 
coefficient in the lattice of powders of gal- 
vanic origin will be the greater, the higher 
the rate at which the sample is heated; (c) 
the maximum in the curve D =9(T)|w = const. 
shifts with higher rates of heating to higher 
temperatures. The circumstance that the 
temperature dependence of the rate of shrink- 
age is described by a curve with a maximum 
was noted earlier in paper (s], where experi- 
ments are described which were made under a 
regime of step by step heating.* 


EXCESS VACANCIES IN THE LATTICE OF 
"ACTIVE" POWDERS 


When the temperature of a metal, the 
crystal lattice of which is as a result of 
existing defects is remote from the state of 
thermodynamic equilibrium, is raised, 
processes occur which bring it closer to the 
state of equilibrium. The occurrence of 
these processes facilitates the mobility of 
the atoms which grows with the rise in 
temperature. As Pines has first pointed out 
[5,6], one of the essential characteristics 
of the processes connected with the removal 
of the defects is the presence of a temporary 
excess of vacancies in the crystal lattice. 
To distinguish them from the so-called 
"equilibrium" vacancies, we shall call these 
"excess" vacancies. 

According to the existing conceptions of 
the vacancy mechanism of self-diffusion the 


* That the dependence of the effective kinetic 
coefficient is not a single-valued function of 

the temperature may be due to the fact that at 
different temperatures the creep is determined by 
different mechanisms: dislocation in the region 
of low temperatures and diffusion in the region 

of temperatures where the repair of the dislocated 
regions is in the main completed. Let us recall 
that sintering is a form of creep which occurs 
under the action of the forces of surface tension 
[10], For these considerations we are indebted to 


Professor B.Ia. Pines. 


self-diffusion coefficients of atoms and 
vacancies are connected by the relation 
oth [9] (where € is the concentration 
of vacancies in the crystal lattice). 

One of the basic reasons for the higher sel f- 
diffusion coefficient in “active" powders may 
be the preponderance of the vacancy concen- 
tration in powders € over the equilibrium 
vacancy concentration Sop It is therefore 
natural to attempt to use the data on the 
kinetics of the volume shrinkage of powder 
pressings to obtain evidence on the degree of 
supersaturation of the lattice with vacancies 
and the kinetics of the process of approach 
to the true equilibrium concentration of 
vacancies. 

In order to obtain a relation determining 
the relative supersaturation of the crystal 
lattice with vacancies (AE/§,= ($-§)) 
let us examine the question of the dependence 
of the self-diffusion coefficient in the 
pressing on the rate of heating. Starting 
with the expression known from the diffusion 
theory of sintering [8] which determines the 
kinetics of linear shrinkage of pressings 
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and remembering that w= T/t, it is easy to 
go over to the differential equation 
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ow 


T=const 


Lo 


from which the desired function can be derived. 
From (5) follows the expression for the 
diffusion coefficient of the atoms in the 
powder of the pressings at the temperature T 
if the heating was conducted at the rate w 


T =const Ow Ly 


- (6 
T =const ( ) 
It is also easy to obtain an expression 
which determines the diffusion coefficient as 
a function of the temperature reached at a 

fixed rate of heating. 


w=const OT \ Ly 


Sintering of metal powders 


In (5) and (6) AL/L, is the relative 
shrinkage, O the surface tension, §3 the 
specific atomic volume, N the number of 
pores per 

In the future we shall assume that the 
self-diffusion coefficient of the vacancies 
in practice does not depend on the existence 
of defects in the lattice, that is that the 
main reason for the higher diffusion 
coefficient if the higher vacancy concen- 
tration D (t,w) = € (T,w) D,. 

Bearing in mind that N = const* and 
Dy; where D, and are respective- 
ly the diffusion coefficient of the atoms and 
the vacancy concentration in the undistorted 
lattice, one can write 

D(T, w) = (8) 
50 
Taking account of formulae (7) and (8) we 
find the following expression for the 
relative supersaturations of the lattice with 


vacancies: 
Eo IT=const 8x389ND, Ow \ Ly /|r=const 
| + — 1.(10) 
Ee jw=—const 8x383ND, OT Ly w=const 


Using formula (9) we construct the graph 
for the functions ly (w). 
These functions are shown in the co-ordinates 
log AE/€, - wFig.7. In constructing the 
curves of Fig.8 it was assumed that 
o © 1.3 x 10° erg/cm? and 5 = 3 x 10°* em. 
It follows from Fig.8 that the more rapidly 
the pressing is heated, the greater is the 
supersaturation with vacancies with which it 
reaches the given temperature. The relative 


* The quantity N can be approximetely estimated 
on the basis of the following considerations. In 
the pressing there are comparatively large pores 
between individual powder grains and smaller pores 
which are situated along the contact surface of 
the powder grains ("seam" pores). These pores are 
formed both in pressing and in the subsequent 
annealing in connexion with the coalescence of the 
vacancies. Metallographic control shows that 
there are about 10 such small pores to qvery grain 
of powder. Thus one may write N~ 10L"”, where 

is the average linear size of 
Since 3 - 4 x ca, N~ 


supersaturation decreases with rising tempera- 


ture. 


W, 7 sec 


FIG.7. Curves for the dependence of the 
magnitude of the relative supersature- 
ation on the rate of heating. 
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Fig.8. Curves for the dependence of 
the magnitude of the relative super- 
saturation on the temperature at: 

W = const. 

Let us compare the results obtained with 
the results of paper [7] in which the 
quantity A&/ c. was determined from data on 
the kinetics of the coalescence of excess 
vacancies. In paper [8] it was shown as 
confirmation of the results obtained in that 
paper that the quantity bE/€, decreases 
with rising temperature, and at a given 
temperature with the time the sample is kept 
there. The dependence on time of Ag/é, 
found in paper [8] should correlate nh the 
dependence of AE/E, on the rate of heating 
(Fig.7). 

From the data given for the quantity 
Aé/é., it follows that even at temperatures 
close to melting and at very low rates of 
heating (w = 5 x 10°? °/sec) the vacancy 
concentration in the lattice of copper powder 
of galvanic origin exceeds the equilibrium 
concentration. This result is in agreement 
with one of the conclusions of paper [3] 
where it is shown that at each sintering tem- 


2 


Sintering of metal powders 


perature some defects remain in the lattice 

which are only removed at higher temperatures. 
I express my gratitude to Professor 

B.Je. Pines for critical comments made in 

discussing the text.of this paper. 


RESULTS 


1. A method for studying the sintering 
process at a constant rate of heating is 
proposed and put into practice. 

2. Dilatometric experiments were made 
with pressings of copper powders in an 
interval of rates of heating of from 5 x 10°? 
to 5 °/sec. 

3. The experimental curves obtained are 
discussed taking account of the interconnexion 
between the kinetics of the removal of defects 
and the kinetics of shrinkage [4]. 

4. It was found that with the given 
method, as also with the step-by-step 
isothermal method [5], in a defective crystal 
lattice the self-diffusion coefficient is not 
a single-valued function of the temperature 
and that the maximum on the curve of the 
function (D)w = const ?(T) shifts with 
rising rate of heating to higher temperatures 
(see [5]). 

5. Calculations were made to estimate the 
dependence of the relative supersaturation of 
the powder lattice with vacancies on the 
temperature and the rate at which the sample 
reaches the given temperature. The data for 
the quantity Aé/ ¢., is in qualitative agree- 
ment with the data obtained earlier [7] in a 


study of the kinetics of the coalescence of 
excess vacancies. 

In agreement with paper [3] it is show 
that temperatures close to melting point and 
at very low rates of heating, the vacancy 
concentration in the lattice of copper 
powders of galvanic origin exceeds the equili- 
brium concentration. 


Translated by B.Ruhemann 
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It is now known that not every single- 
phase alloy appearing as a homogeneous solid 
solution at high temperatures preserves its 
atomic structure unchanged when cooled. 
Ordered solid solutions may serve as examples 
and also the solid solutions in which the 
recently discovered state, stable at low 
temperatures, known as the K-state, is found 
[3-5]. 

In the majority of cases neither the 
ordered solid solutions nor the K-state 
structure can be detected by a microscope, 
although, by special methods of etching, a 
characteristic picture of a general state of 
tension can be discovered and revealed by a 
relief pattern on the surface of microsec- 
tions of some alloys [8]. Superlattice lines 
appear on X-ray patterns when the arrangement 
of ordered solid solution takes place; the 
X-ray analysis by present methods, however, 
cannot detect changes in the atomic structure 
when the K-state is developing. Only the 
lattice parameter changes in accordance with 
the macroscopic volume effect of the K-state 
formation. This transition, however, is 
clearly disclosed by considerable changes of 
physical properties of the alloy. In 
superlattice formation, atoms from statisti- 
cal distribution assume definite ordered 
positions within the lattice. According to 
the existing hypothesis [3], when the 
K-state is developing, groups of atoms are 
formed by atomic segregation, that is, as if 
a separation of constituents within small 
volumes takes place. As if "clusters" are 
forming within the phase. 

Alloys, such as MnNi, [1], FeNi, [2] and 
others, have been for a long time known as 
having a superlattice structure. The nich- 
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romes with 20-30 per cent Cr [3,4,8], FeNi , 
alloy with 2-6 per cent Mo [5], the iron- 
base alloy with 36 per cent Ni and 1-8 per 
cent Mo and others may serve as examples of 
alloys in which the K-state forms. A 
decrease of specific electric resistance by 
low-temperature tempering is typical for 
alloys developing the superlattice structure; 
the behaviour of alloys forming the K-state 
structure is directly opposite; when tempered 
after hardening their specific electrical 
resistance is raised. In both cases a rise 
of tensile strength and changes of magnetic 
and other properties are found. 

In both cases the low-temperature state 
can be destroyed by deformation and properties 
changed accordingly. On deformation a solid 
solution is obtained with statistical distri- 
bution of atoms like that at high temperatures. 

Thus, within quite a large range of tempera- 
tures, metallographically single-phase alloys 
are not stable against transitions which 
change their properties in this temperature 
range. This phenomenon often occurs in 
practice, when an alloy, initially regarded 
as stable, turns out, under more precise 
analysis, as having undergone internal changes 
in its single-phase lattice-spac{ng. This 
fact becomes of particular importance in the 
application of transistors for tensor meters 
which require the use of single-phase alloys 
without internal transitions for measuring 
specific electric resistance as a function of 
elastic stresses. For these purposes 
completely stable alloys must be used so that 
no changes occur in the alloys at temperatures 
and tensions at which they are operating. If 
an alloy has either the superlattice or 
K-state transformation, one or other state may 
develop in the process of its making, heat 
treatment or during its use and misrepresent 
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results of measurements. From this point of 
view it would be interesting to investigate 
a number of single-phase iron-base alloys in 
order to find out if they are either 
insensitive to heat treatment or undergo 
intra-phasial transformations. 

For obtaining alloys with alloying 
elements of highest purity, pure materials 
were used for smelting: electrolytic iron, 
70 per cent vanadium iron, metallic 
molybdenum, metallic chromium, aluminium of 
high purity. Powdered electrolytic iron is 
often strongly oxidized; it was, therefore, 
reduced before smelting in a stream of 
hydrogen. The alloys were smelted in a high- 
frequency induction furnace in an argon 
atmosphere, into ingots weighing 600-700 g. 
After homogenizing annealing the ingots were 
forged by a 250 kg. hammer into rods 8 mm in 
dia. Part of the rod was used for making 
specimens, the remainder was subjected to 
cold drawing into wires of 3.5 mm diameter. 

The wire was used for making specimens 
for electric and magnetic measurements. As 
a result, alloys of the following constitu- 
tions were obtained. 


their properties on tempering after hardening. 
Measurements of resistivity, hardness, 
magnetic saturation and the examination of 
microstructure indicate that within the 
temperature range of tempering 350°-360°C no 
changes occur, within the accuracy of mea- 
surements, in these alloys, whereas in all 
the known alloys the superlattice or K-state 
rearrangements take place within the above 
range of temperatures. Dilatometric curves 
of thermal expansion under continuous heating 
and cooling with a speed of approx 2°C/min 
were also plotted. These curves do not show 
any noticeable effect either. 

Consequently, it may be stated that 
characteristics of single-phase alloys are 
not affected by heat treatment, that is, they 
undergo no internal transitions. 

In alloy 5 specific resistance slightly 
rises, that is, a slight effect of K-state is 
detected in it, evidently caused by aluminium 
contained in the alloy. As shown in work 
[11] this effect takes place in ferro- 
aluminium alloys initially increasing with 
the content of aluminium and then decreasing 
and changing into the effect of superlattice 


TABLE 


Contents of elements, weight % 


Vv Al Cc 


8.00 0.021 0, ‘ 0.016 0,001 
14.65 0,030 0.018 0,002 
12.70 0.030 0.016 0,001 
12.15 0.030 0,016 0.001 
13.00 1.15 0.035 0.015 0,001 


To avoid strong oxidation the specimens 
were sealed into quartz ampoules and hardened, 
by quenching from 1150°C in water, then 
annealed for 4 hr at a temperature varying 
for different specimens from 350° to 650°C. 

Various properties were tested after 
hardening and after tempering. 

Various properties were plotted against 
temperature of tempering. Specific electrical 
resistance, magnetic saturation, hardness, 
thermal expansion of the alloys were measured, 
and microscopic examinations carried out. 
Alloys 1,2,3,4, (Table, Fig.1) do not change 


arrangement near to that of Fe, Al compound. 

Kych Ting-sui [9] has expressed the 
opinion that the K-state is caused by the 
Same sources and has the same mechanism as 
Konobeyevskiy-Rovenskiy’s effect [6,7], known 
as “the rising diffusion", with the only 
difference that the latter is caused by 
atomic segregation in the field of stresses, 
while the former is by the atomic segregation 
around the dislocation. 

Hasiguti [10] explains the phenomenon of 
the "rising diffusion" in the strained brass 
investigated by him as also caused by an 
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atomic segregation around dislocations [10]. 
If so, the change of properties in both cases 
should then be analogous. The K-state 
formation is revealed by the rise of electric 
resistance and hardness. The effect of the 
"rising diffusion" is also accompanied by a 
rise of hardness when a strained material is 
tempered in a range of temperatures below the 
recrystallizing temperature. The electric 
resistance, however, decreases as was shown 
using aluminium bronze with a clearly dis- 
played effect of the “rising diffusion" BaP 


tempering 


—@——_ hardening hy 10-4 


4K 


Le) 
fe} i> 


350° 400° 450° $00? 550° 600°6I0° T,°C 


FIG.1.. Resistivity, hardness, magnetic saturation of 
alloys 1,2,3,4, and 5 es functions of temperature of 
tempering (with 4 hr treatment) after hardening. 


In other alloys, in which this effect had 
been investigated, the electric resistance 
had not been measured. 


therefore, to carry out such measurements 


It was interesting, 


with a number of alloys and to compare the 
K-state effect with the effect of "rising 
diffusion". It was also interesting to find 
out if a material which was free of the 
K-state effect after hardening and tempering 
remains so after being strained. For this 
purpose the alloys investigated were sub- 
jected to cold drawing to the state of 40 per 
cent deformation. From the wire so obtained 
specimens were made for measuring the hard- 
ness and electric resistance after a suitable 
annealing and diagrams plotted showing 
variations of the properties with the time 
of treatment at every temperature. 


4 


t 

2030 50 6010 
Time, min 


FIG.2, Resistivity and hardness of 
alloys 2,3,4 and 5 as fugctions of 
time of treatment at 400 C after 
cold deformation by 40 per cent. 


10 20 50 6470 80 
Time, min 
FIG.3.. Resistivity and hardness 
of alloys 2,3,4, and 5 as functions 
of time of treatment at 450°C after 
cold deformation by 40 per cent. 
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No effect of "rising diffusion" was found 
in alloy 1 even after additional deformation, 
in alloys 2, 3, and 4 the effect of "rising 
diffusion" was detected at annealing tempera- 
tures of 400°C and 450°C (Figs. 2,3). The 
electrical resistivity of alloys 2,3, and 4 
decreased, that is, they behaved as deformed 
material, usually do when annealed. In alloy 
5, however, a slight rise (about 1 per cent) 
in its resistivity occurred with increased 
hardness that is, the K-state was formed. On 
this bases it may be concluded that if the 
K-state is not formed after hardening and 
tempering it does not appear when tempered 
after deformation. 


Evidently the K-state effect is different 
from the "rising diffusion" effect. It was 
known [5 and others] that when the K-state 
effect occurs in tempering after hardening, 
it is more pronounced after deformation; the 
resistivity increases more on tempering after 
deformation, than after hardening. 

The impression arises that the K-state is 
absent in ferrous alloys containing elements 
with a body-centred cubic lattice and not 
containing face-centred cubic elements*. 

Translated by B,Cynk 


- The supposition expressed by E.V. Panchenko 
at the conference of the Metallography section of 
the Moscow Institute of Steel when this work was 
discussed. 
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The relationship of the crystal-lattice parameter, and of the macro- and micro-hardness 


of a-iron, to the content of phosphorus and arsenic was investigated. 


From X-ray analysis 


data a curve was drawn of the solubility of phosphorus in a-iron. The work. was carried 


out on high-purity homogenized melts, melted in vacuo or inan argon atmosphere. 


It was 


found that phosphorus lowers, whereas arsenic raises the lattice parameter of a-iron. It 
was also shown that phosphorus and arsenic considerably increase the hardness of a-iron. 


The effect of phosphorus and arsenic on 
the crystal-lattice parameter of G-iron has 
so far not been studied sufficiently closely. 
According to the data in (1], phosphorus has 


practically no effect on the lattice para- 
meter of Giron. The reason given in [2] 
for this is that there is very little 
difference between the atomic radii of 
Q-iron and phosphorus. 

As regards the effect of arsenic on the 
lattice parameter of Q-iron, in [3] it is 
shown that on complete saturation of Q-iron 
with arsenic the lattice parameter of Q-iron 
equals 2.877 A° (2.883 kX). From the graph 
given in [4] it follows that on increase in 
the content of arsenic in G-iron from 0 to 
2 per cent the lattice parameter rises from 
2.8609 to 2.8643 kX. Moreover, in [4] it is 
shown that at a content of arsenic of 6.19 
per cent the lattice parameter of G-iron 
equals 2.8717 kX. 

The temperature dependence of the 
solubility of phosphorus in G-iron was 
studied by the metallographic analysis 
method in [5-9] at temperatures greater than 
700°C, 

We have not been able to find any data 
in the literature concerning the temperature 
dependence of the solubility of arsenic in 


* Fiz, metal. metalloved. 6, No.4, 662-664 1958, 


Q-iron. In (3, 10] it is suggested that the 
solubility of arsenic in Q-iron is practi- 
cally independent of the temperature. Nor 
have we been able to find any quantitative 
data concerning the effect of arsenic on the 
hardness of Q-iron. 


PREPARATION OF MELTS 
INVESTIGATION METHODS 


The iron used as the basis for the 
manufacture of the Fe-P and Fe-As melts was 
electrolytic iron of the composition (per 
cent): C 0.02, Mn 0.0009, Si 0.017, S 0,023, 
P 0.0032, that had been melted in vacuo (10° 4 
mm mercury column). Some of the Fe-P melts 
were prepared from iron of the same type, 
that had been annealed beforehand in hydrogen 
(30 hr at 800°C) and then melted in vacuo. 

To introduce phosphorus and arsenic into 
the melts, alloys of the eutectic composition 
(10.5 per cent P, or 30 per cent As) were 
prepared. Powdered phosphorus or arsenic was 
mixed in the required proportion with 
powdered electrolytic iron, was pressed into 
compacts and was annealed in soldered quartz 
flasks. The arsenic alloy was annealed for 
6-7 hr at 450°C. The phosphorus alloy was 
heated at a rate of 100°C/hr to 800°C and was 
held at this temperature for 8 hr. 


Phosphorus and arsenic on alpha-iron 


The Fe-P melts were melted in vacuo in a 
TVV-2M furnace (1074 mm mercury column) in 
alumina crucibles. The Fe-As melts were 
melted in a Tamman furnace in alumina 
crucibles in an argon atmosphere. To prevent 
carburization, an alumina tube was placed 
inside the graphite tube. With the method 
employed in preparing the alloys complete 
bonding of the phosphorus or arsenic with the 
iron was achieved, through the formation of a 
solid solution together with a chemical com- 
pound (Fe,P or Fe,As). Thus, no losses of 
phosphorus or arsenic were found in preparing 
the melts (even in the vacuum conditions on 
preparing the Fe-P melts). 

In all, six Fe-P melts and twelve Fe-As 
melts were prepared. A chemical analysis of 
all the melts showed that the content of 
carbon was from 0.004 to 0.010 per cent in 
the Fe-P melts, and from 0.016 to 0.02 per 
cent in the Fe-As melts. 

To eliminate dendritic segregation all 
the melts were subjected to diffusion anneal- 
ing at temperatures giving a single-phase 
Q-or Yealloy. Segregation was considered to 
be eliminated when no unevenness was found 
in the distribution of phosphorus or arsenic 
in a microsection that had been etched with 
Stead’s reagent. 

The lattice parameter was determined by 
means of X-rays, by the back-reflection 
method using a Sachs camera and cobalt 
radiation. The standard used was electroly- 
tic iron melted in vacuo, the parameter of 
which was taken as 2.8607 kX. The distance 
between the lines on the X-ray photographs 
was measured with a comparator. The error 
in the comparative determination of the 
lattice parameters did not exceed +0,0003 kx. 


Photographs were taken of fine powder specimens. 


The powders were strongly deformed by filing, 
and were then annealed at temperatures in the 
range producing a single-phase G-alloy 
(800-1050°C, 2 hr), with subsequent rapid 
cooling to prevent decomposition of the solid 


solution. Preliminary deformation considerably 


reduces the time required to bring the melt 
into the equilibrium condition on subsequent 
annealing (11). 

The macro- and micro-hardnesses were mea- 


sured on the annealed specimens using 
Vickers (pressure 5 or 20 kg) and PMT - 3 
(pressure 30 or 50 g) instruments. 


RESULTS OF INVESTIGATION 


Figs. 1 and 2 present graphs showing the 
dependence of the crystal-lattice parameter 
of d-iron on the content in it of phosphorus 
or of arsenic. On increase in the content 
of phosphorus from 0 to 28 per cent the 
lattice parameter of Q-iron falls by 0.0044 
kX (from 2.8607 to 2.8563 kX), thus in this 
case a negative deviation from the additivity 
law is observed. On increase in the content 
of arsenic from 0 to 12.4 per cent the 
lattice parameter rises by 0.0193 kX (from 
2.8607 to 2.8890 kX), thus here there is a 
positive deviation from the additivity law. 
The relationship obtained (Fig. 2) agrees 
with the data in [3,4]. Figs. 1 and 2 also 
give the lattice-parameter values of the 
Qa-phase of melts annealed at various tempera- 
tures giving two-phase alloys. The Fe-P melts 
were annealed at temperatures of 400, 650, 
835 and 1000°C for 150, 45, 3 and 1.5 hr, 
respectively, and the Fe-As melts were 
annealed at temperatures of 400, 500, 650 
and 810°C for 150, 65, 45 and 10 hr respec- 
tively. From the data obtained concerning 
the magnitude of the @-phase parameter of the 
two-phase alloys it was possible to determine 
the solubilities of phosphorus and arsenic 
in Q-iron at the temperatures referred to. 
The curve of the solubility of phosphorus in 
Q-iron is given in Fig. 3, and that of the 
solubility of arsenic is given in [12]. 
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The hardness curves were extrapolated to 
concentrations corresponding to the limiting 
solubility of phosphorus and arsenic in 
Q-iron (2.8 per cent P, or 12.4 per cent As). 


Translated by R. Hardbottle. 
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Institute of Metal Physics, Urals branch of the Academy of Sciences 
of the U.S.S.R. 


(Received 31 July 1958) 


The kinetics of the decomposition of austenite have been studied by magnetometric and 
structural methods and vary with the results of the preliminary treatment. 

The chief reason for the variation of the kinetics of the austenitic transformation 
in a steel which has undergone preliminary superheating, is the regeneration of the 
austenite grain which had existed before the heat treatment. 


The effects of preliminary heat treatment 
on the kinetics of the austenitic transforma- 
tion have up till now, been studied mainly 
from the point of view of the possible 
effect of the dispersion and character of the 
the carbide phase on the process of the 
solution of the carbides in the austenite, 
on the degree of inhomogeneity in the 
austenite, and on the absence or presence 
of undissolved carbide particles capable 
of serving as nucleating centres for the 
transformation. The problem has, however, 
another side to which no attention has as yet 
been paid. New investigations [1-6] have 
shown that the structure and state of austenite 
forming above the critical points, can differ, 
and these differences depend on the original 
structure and the rate of heating. As a 
result, these differences are such that they 
cannot be reflected in the kinetics of the 
dissociation of the austenite when it is 
cooled. 

In those cases when the original structure 
is martensite (or the product of an intermedi- 
ate stage of ‘austenitic dissociation character- 
ized by the presence of the crystallographi- 
cally ordered a-phase within the limits of the 
original austenite grain, that is by the 
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presence of an intra-granular texture), the 
new austenite grains, will, for given 
conditions of reheating, turn out to be 
crystallographically ordered within a space 
corresponding to the original coarse grain, 
and as a result, a secondary intra-granular 
austenite texture is developed. 

In some cases of slow heating (1-2°/min) 
of hardened steel, the secondary intra-granular 
texture can be so perfect that it is more 
accurate to speak of the regeneration of the 
austenite grain which was in existence up to 
the preliminary treatment. 

Rapid heating of a hardened steel gives 
rise to an analogous result: the resuscita- 
tion of a grain can thus be attributed to the 
diffusionless method of formation of austenite 
[7]. 

The cause of the regeneration of the grain 
on very slow heating remains unexplained. 
Without a doubt, the formation of austenite 
is accomplished in this case by the normal 
diffusion interaction of ferrite and carbides. 
In what follows let us call the first case 
that of diffusionless regeneration, and the 
second, diffusion regeneration of the 
austenite grain. Doubtless, such a manifesta- 
tion of the inheritance of an austenitic 
structure should be reflected in the trans for- 
mations of austenite on cooling. It has been 
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found [8,9] that previous quenching from an 
increased temperature leads to a substantial 
change in the kinetics of the pearlite- 
troostite transformation in austenite after 
slow re-heating above A,. The nucleation of 
the pearlite-troostite colony in this case, 
is localized at the boundaries of the space 
which corresponds in size and shape to the 
austenite grains which were in existence 
during the first superheating. 

It has already been pointed out that the 
degree to which the inheritance of the 
austenite structure is manifested, depends 
essentially on the rate of re-heating in the 
interval between the critical temperatures. 
It can, therefore, be expected that the 
kinetics of transformation in austenite on 
slow re-heating or very rapid heating of the 
hardened steel with the regeneration of the 
coarse grain of superheating, will differ 
noticeably from the kinetics of transformation 
in austenite on re-heating at an intermediate 
rate, when a fine-grained austenite is formed 
on the site of the coarse-grained. It is 
obvious that the limits of the heating rate 
at which the regeneration or formation of a 
fine grain of austenite can be observed, must 
depend on the extent and type of alloying of 
the steel [10], as well as on the tempering 
conditions. Accordingly, for a constant rate 
of heating, the effect of the inheritance of 
the structure on the kinetics of the austenitic 
transformation will be shown in varying 
degrees in different steels. 

What follows is an account of the effects 
of the structural inheritance of superheated 
steel on the transformation of supercooled 
austenite. The kinetics, mainly of the 
pearlite-troostite transformation of 
chromium steels after various preliminary 
heat treatments, are compared. The chemical 
composition of the steels is given in Table 1. 


Effects of heat treatment in supercooled austenite 


TABLE 1. Chemical composition of the steels studied 


The variables selected for comparison are 
given in Table 2. The kinetics were studied 
by magnetometric and structural methods. 

The pre-treatment was carried out on pre- 
parations from which magnetometric specimens 
measuring 3x50 mm and 10x10x10 mm cubes for 
structural analysis were subsequently prepared. 
The magnetometric study of the austenite 
dissociation used Shteinberg and Ziuzin’s 
{11] ballistic magnetometer. Previous 
investiyations have established that the rate 
of heating leading to complete regeneration 
of a grain due to the preliminary treatment, 
depends on the chemical composition of the 
steel. Thus the grain regeneration, when the 
hardened steel is heated under conditions for 
the diffusion formation of austenite, takes 
place when the rate of heating within the 
critical interval is not higher than 2°/min 
for steel 40Kh3; 1°/min for steel 40Kh6; 
0.25°/min for steel 40Kh12., 

When a hardened untempered steel is 
heated under conditions in which the trans- 
formation processes do not develop to any 
great extent, regeneration of a grain is 
observed when the heating is at a rate not 
lower than 1000°/min for steel 40Kh3, 260°/ 
min for steel 40Kh6 and 4°/min for steel 
40Kh12. 

Fig. la-b shows the kinetics of the transfor- 
mation of supercooled austenitic steel 40Kh6, 
whose pre-treatment consisted of quenching 
from 1300° and tempering at 650° with subse- 
quent slow (a) and rapid (4) heating up to a 
temperature of 950°. It will be seen that 

the effect of the preliminary superheating 

on the pearlite-troostite transformation in 
austenite was markedly retarded after slow re- 
heating. This effect is spread over the whole 
pearlite-troostite field. An analogous 
picture is seen in steels 40Kh12 and 40Kh3. 

An inspection of the microstructure (Fig. 2a-b) 
reveals the main reason for this retardation. 
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TABLE 2. Variables studied 


Préliminary treatment Re-heating Remarks 


Annealing Slow Austenite is formed by diffusion 


Hardening at 1300° Slow Heating conditions ensure the 
tempering at 650° regeneration of the preliminary 
treatment grain when austenite is 
formed by diffusion. 


Hardening at 1300° Heating conditions do not ensure 
tempering at 650° the regeneration of the preliminary 
treatment grain. Austenite is 
formed by diffusion. 


Hardening at normal Heating conditions ensure the 
temperature, regeneration of the preliminary 
tempering at 650° treatment grain when austenite is 
formed by diffusion. 


Hardening at 1300° Austenite is formed without 
without tempering diffusion, as a result of which 
the preliminary treatment grain is 
regenerated. 


Hardening at normal Austenite is formed without 
temperature without diffusion, as a result of which 


tempering the preliminary treatment grain is 
regenerated. 


Temperature, °¢ 


Temperature, 


20 40 60 66 40 6G 109 


Dissociation of austenite, % Dissociation of austenite, * 


FIG.1. Diagrams of the kinetics of the dissociation of austenite in Steel 40Kn6. 
Temperature of heating 950° 
@ + preliminary treatment: hardening at 1300°, tempering at 650°, rate of reheating 
1°/min, 
b - preliminary treatment: hardening at 1300°, tempering at 650°, rate of reheating 
135°/min, 


85 
1 
3 
4 
TOL. 
| 
958 
6 | 
a b 
500 = 30" 500 | 
500 Sw 
025" SQ O25 
200 
100 100 


Effects of heat treatment in supercooled austenite 


Temperature, % 


20 40 00 


Dissociation of austenite, 


Temperature, 


S 


40 G0 CO 


Dissociation of austenite, % 


FIG.1, (CONTINUED). 


C + preliminary treatment: hardening at 950°, tempering at 650°, rate of re-heating, -1°/min, 


d+ preliminary treatment: annealing at 950°, rate of re-heating, 1°/min. 


FIG.2, The initial separations of pearlite-troostite in steel 40Kh12 after preliminary 
superheating (hardening at 1300°, tempering at 650°); re-heating slowly (a); rapidly (b). 


The separation of pearlite-troostite is 
known to begin preferentially along the 
grain boundaries of austenite, and for this 
reason, a coarse grained austenite decomposes 
with the least speed, Fig. 2a, shows that a 
coarse grain, corresponding to the austenite 
grain in existence before the pre-heating, is 
regenerated when a steel which has been 


hardened at 1300° is slowly reheated. 
Although such a grain cannot be distinguished 
from an austenite grain obtained by direct 
heating of the steel to 1300°, the distribu- 
tion of the pearlite-troostite precipitates 
is more general in them. Because of this, 
the pearlite-troostite dissociation will be 
retarded when pre-heating is accompanied by 
grain inheritance. 
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The fact that the retardation of the 
speed of the pearlite-troostite trans forma- 
tion is strongest during slow reheating when 
diffusion regeneration of a grain takes 
place,shows that the effects which are being 
observed cannot be explained by relation- 
ships between the super-heating and the 
variations in concentrations at the grain 
boundaries. 

Fig.2, is a microphotograph of a 
structure after rapidre-heating of pre-heated 
steel and shows that regeneration of a grain 
is not observed as the result of such 
heating, but that a comparative fine grain 
is formed and this determines both the rate 
and the structural aspects of the transfor- 
mation. The rate of the pearlite-troostite 
transformation is somewhat slower in the 
latter case than in that of pre-hardening 
at the normal temperature. This can be ex- 
plained by the fact that, at such a rate of 
heating, some of tHe texture of the 
austenite grains is still preserved within 
the superheated grain, which indicates the 
retarding effect on the transformation. It 
is evident that acceleration of the re- 
heating can ensure that the kinetics of 
transformation in pre-superheated steel will 
not differ from the kinetics of trans forma- 
tion in non-superheated steel. The curves 
for transformation in austenite at 650° 
given in Fig.3, show that the kinetics of 
the transformation approach those for non- 
superheated steel, when the rate of re- 
heating of pre-superheated steel is increased. 
It can be concluded from a comparison of 
curves f and g, that the rate of re-heating 
shows no marked effect on the pearlite- 
troostite transformation if the pre-hardening 
is not accompanied by superheating. 

A comparison of the kinetics of the 
transformation in austenite in annealed steel 
and in steel which has been hardened at the 
normal temperature discloses some accelera- 
ting effect of the hardening on the 
transformation (Fig.1lc-d), and this can be 
regarded as due to the difference in the 
state of the austenite. The effect of the 
preliminary superheating on the intermediate 
transformation is that this transformation 
is somewhat accelerated and nearer to comple- 


tion when diffusion regeneration of a 
coarse superheated grain takes place (Fig.!). 


c 


Dissociation of 
austenite, 


4 
4 


Time, min 


FIG.3. Curves for the dissociation of 
austenite in steel 40Kh12 at 650°, 
Temperature of heating 

4-preliminary treatment: hardening at 
1300° tempering at 650°, rate of re- 
heating 0,25°/min, 

be preliminary treatment: hardening at 
1300°, tempering at 650°, rateof re- 
heating 2°/min, 

C-preliminary treatment: hardening at 
1300°, tempering at 650°, rateof re- 
heating 8°/min. 

d- preliminary treatment: quenching at 
1300°, tempering at 650°, rateof re- 
heating, 33°/min, 

@- preliminary treatment: hardening at 
1300°, tempering at 650°, rateof re- 
heating, 135°/min, 


fe preliminary treatment: hardening at 
1000° tempering at 650% rate of re- 


heating, 0.25°/min, 

@-preliminary treatment: hardening at 
1000°, tempering at 650°, rate of re- 
heating, 135°/min. 


The intermediate transformation is known 
to be either insensitive to the grain size 
of the austenite or to be weakly accelerated 
when it becomes coarser [12]. The results 
of the present work reflect a similar size 
effect for an austenite grain regenerated by 
diffusion. 

The kinetics of the austenite trans forma- 
tion were further compared for variables 5 
and 6. The specimens were reheated at a 
rate which ensured the formation of the grain 
without diffusion: 

40Kh3-1000°/min, (heated in lead bath), 

40Kh6- 260°/min, (heated in salt bath), 

40Kh12-135°/min, (heated in an oven 
fitting). 
Soaking at the temperature of the re-heat 
was for 25-30 min, the temperatures being 
885° for steel 40Kh3, 930° tor steel 40Kh6, 
1000° for steel 40Kh12. 
Fig.4, shows diagrams of the kinetics of 
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austenite transformation for variables 5 and 
6. There is a considerable retardation of 

the rate of the transformation in the prelimi- 
narily superheated steel. The microstructural 
picture shows that here, as well as in the 
case of slow re-heating of the tempered steel, 
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FIG.4. 


during diffusionless formation of austenite. 


observed of the intermediate transformation 
(Fig.4) which is in agreement with the data 
[12] as to the small sensitivity of the 
intermediate transformation to the grain size 
of the austenite. Small but persistent 
differences in the kinetics of the transfor- 
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Dissociation of austenite, % 
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Diagrams of the kinetics of the dissociation of austenite in steel 40Kh6 


Temperature of heating 930°, 


a - previously superheated steel (hardened at 1300° without tempering), 
b - steel after preliminary treatment which was unaccompanied by superheating 


(hardened at 950° without tempering). 


the retardation of the transformation is due 
to the regeneration of the coarse grain, when 
the regeneration is by diffusion. The fact 
is that steel, which has been pre-hardened at 


a normal temperature, has a fine grain after 


the diffusionless formation of austenite, and 
this fine grain occupies the position of the 
grain of the pre-treatment. S:eel which has 
had a preliminary superheating, has as a re- 
sult of formation of austenit a coarse grain, 
also coincident with the grain of the pre- 
treatment. To sum up, in spite of the fact 
that the re-heating was exactly the same, 

the transformation of austenite in a 
previously superheated steel is shown to be 
retarded because under the heating condition 
described, it is determined by the grain due 
to the preceding heat treatment. 

It has been shown above that when a grain 
is regenerated by diffusion, a slight in- 
crease in the intermediate stage of the 
austenitic transformation is observed. In 
the case of the diffusionless regeneration of 
a coarse grain some speeding up is also 


mation of austenite are seen for variables 
3 and 5, 4 and 6 (Fig.5). In the case of the 
diffusionless regeneration of a grain, the 
pearlite-troostite dissociation proceeds 
somewhat more rapidly than in the case of the 
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FIG.5. Curves for the dissociation of 
austenite at 650° after diffusion re- 
generation of grain 

(4) and diffusionless regeneration of 

the austenite grain 

(b) in steel 40Kh12, which has been sub- 

jected to preliminary superheating 
(hardening at 1300” without temper- 
ing). 

(c and d) correspond to the same cases 
of preliminarily superheated steel 
40Kh12 (hardening at 1000° without 
tempering. 
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regeneration by diffusion. The change here 
in the kinetics of the transformation cannot 
be explained by the difference in grain size, 
because this was the same for the specimens 
compared. 

The reason for the differences in the kine- 
ticsof the transformation obviously lies in the 
different states of the austenite as regards 
its fine structure. It can be supposed that 
austenite formed as a result of diffusionless 
transformation will have structural defects 
in the form of a distorted lattice, from 
interruptions in cohesion arising during the 
martensitic transformation and inherited by 
the austenite during the diffusionless 
formation of austenite. It can therefore be 
expected that these structural defects of the 
austenite grain will be considerably weakened 
by processes of relaxation and diffusion if 
the formation of austenite takes place by 
diffusion. Here we have possible causes 
leading to some retardation of the pearlite- 
troostite transformation of austenite formed 
by diffusion, in comparison with the trans- 
formation of austenite which has been formed 


Ly a diffusionless method. 


CONCLUSIONS 


The austenite structure is usually 
considered to be controlled by the tempera- 
ture to which the steel has been heated. 
Likewise, it is supposed that the kinetics of 
the transformation of supercooled austenite 
cannot be changed to any extent if this 
temperature remains constant. But besides 
this, the fact is lost sight of that an 
inherited austenitic structure appears very 
suddenly under some conditions of heating and 
bears a relationship to the original structure 
of the steel which depends on the preliminary 
treatment. 

The structure of austenite can be 
different at the same temperature depending 
on the preliminary treatment and the rate of 
re-heating: these factors determine the 
degree to which the inherited austenite 
structure appears. 

This structure is mainly distinguished by 
the difference in grain size and in the 
special features of the fine austenite 


structure. These differences are such that 
they affect the number of starting points of 
the transformation and the diffusion 
coefficient and therefore cannot fail to be 
reflected in the kinetics of the austenite 
transformation. The inheritance of the 
austenite structure is most fully realized 

in very slow and very rapid heating of the 
hardened steel. The regeneration of an 
austenite grain existing before the prelimi- 
nary treatment is seen under these conditions. 
If the preliminary treatment was accompanied 
by the production of coarse grains of 
austenite, then the regenerated grain will 

be coarse and this will lead to a slowing 
down of the pearlite-troostite transformation. 
For some intermediate rates of heating, the 
size of the inherited grain is less coarse, 
and a fine grained austenite is formed. 
Consequently, the retarding effect of the 
preliminary superheating on the upper 
austenite dissociation is strongly diminished. 
The intermediate transformation is but 
slightly sensitive to the size of the 
regenerated austenite grain. 

The inherited differences in austenite 
structure seen in the diffusionless formation 
of austenite, lead to some speeding up of the 
pearlite-troostite transformation in compari- 
son with the transformation of an austenite 
with the same coarseness of grain but formed 
by the usual diffusion reaction of ferrite 
and carbides. 


Translated by J. Agrell 
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The application of narrow and only slightly divergent X- ray pencils, referred to as 
"micro-beams", has been found very promising in the study of plastically deformed 
metals, because this technique makes it possible to obtain some essentially new 


information about the deformation of individual crystallites. 


In the present 


article, a survey is made of certain results obtained by this method in an investi- 
gation of carbon steel strained in tension at various rates of load application. 


TEST MATERIALS 
AND EXPERIMENTAL PROCEDURES 


Test batches of grade 25 carbon steel 
were subjected to normalizing treatment at 


860-870°C, which was followed by annealing 
at 620-630°C and subsequent rapid cooling. 
The specimens to be used in prolonged 
tension tests were then machined from these 


steel samples. The average linear dimen- 
sions of crystallites in non-deformed state 
was 2.5 x 10°? mm [1]. Tests were made on 
specimens subjected to prolonged and short- 
period tensile tests (see Table 1). 

The X-ray micrographic technique used in 
the present study was described in (1). 
X-ray micrographs were made on test specimen 
sections with residual elongation (€) values 
of 6.15 and 40 per cent. The test specimens 
were etched, before testing, to a depth of 
0.3 mm, in order to remove the surface layer 
work-hardened during machining. Most of the 
X-ray photographs were made with iron radia- 
tion, the direction of the primary X-ray 
beam being perpendicular to the deformed 
specimen (i.e. perpendicular to the specimen 
axis) and the study concerned the diffraction 
pattern given by the (220) plane. The 
diameter of the irradiated section was of 
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the order of 60-70 u or 120 uw when the 
primary X-ray pencil convergence was from 
1.9 x 10°* to 25 x 107° rad. Exposure time 
was from 30 to 40 hr. 


EXPERIMENTAL RESULTS 


A general feature characteristic of all 
the micrographs obtained by the micro-beam 
technique on deformed test specimens, showed 
instead of the individual and sharp spots 
(or of groups consisting of 2-3 adjacent 
spots), which are usually observed in the 
case of non-deformed test specimens (1] - the 
presence in the micrographs of individual 
rings (Fig.1). These rings consist of either 
a group of more or less sharply divided spots, 
or show a continuous blackening. The inten- 
sity of spots in these rings is less than 
that found in the X-ray diagrams obtained 
for non-deformed metals, in spite of the 
fact that the exposure time used was several 
times higher. The number of rings is about 
the same as the number of spots observed in 
X-ray diagrams of non-deformed metals (for 
the same size of the irradiated test specimen 
section). Consequently, during the deforma- 
tion of the metal studied, there must have 
occurred a rapid and considerable increase 
in the number of individually reflecting 
regions, i.e. there occurred a comminution 
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of the fragments of original crystallites 
(or comminution of the non- fragmented 
crystallites, if fragmentation is absent in 
non-de formed state). 


FIG.1, X-ray diagram of specimen No.2, at 

the residual elongation value € = 15 per cent. 

The diameter of irradiated section was 130}; 
r Fe. 


The difference in distance between spots 
in any particular ring shows only a small 
variation, but nevertheless the distances 
between spots are different for different 
deformation conditions (this difference is 
from 0.3 to 1 mm for the ring with a 
diameter of about 55 mm). It is rather 
difficult to imagine that, under the 
conditions of random disorientation and with 
a strictly limited number of crystallites 
present in the irradiated volume of the 
metal, there could form such particles which, 
while belonging to various crystallites, 
would give spots distributed quite evenly in 
certain specific positions of the ring only 
(the effect of texture will be discussed 
later). All the spots present in a ring 
belong to weakly disoriented regions of a 
sinyle original crystallite, i.e. they 
belong to the crystallite fragments. These 
fragments are smaller than those of a non- 
deformed metal, but, in spite of that, they 
are not equivalent to mosaic blocks, which 
represent still smaller areas but do not 
give rise to individual intense spots, under 
the exposure conditions used, the disorien- 
tation of which is lower than the resolving 
power achieved. It should be further 
pointed out that the spots present in a 
ring are characteristic of reflecting 
fragments of the whole of a crystallite and, 
in a general case, these spots are not due 
to reflections from regions formed from any 
particular fragment of a crystallite of a 


non-deformed metal. 


The regularity of spot distribution in a 
ring, and the uniform variation in ring 
radii (a small displacement of spots in 
radial direction) as observed in many cases, 
all point to the fact that the neighbouring 
ring spots correspond to adjacent fragments 
or, at least, to the fragments positioned 
very close to one another. Consequently, 
the value of angular disorientation, as 
calculated from the angle between adjacent 
spots in a ring, is characteristic of the 
disorientation degree of the fragments in a 
crystallite. The angle between the outer- 
most spots in a ring is characteristic of 
the disorientation region of only those 
crystallite fragments which are present in 
the reflecting position. In a general case, 
this value will depend on the crystal 
orientation with respect to the primary 
X-ray pencil and it is not identical with 
the maximum disorientation area inside the 
crystal, whose value is of a greatest 
interest. Therefore, the factors measured 
represent only approximately the maximum 
disorientation area of crystallites and such 
values alone are insufficient for an 
accurate determination of the relationship 
existing between the maximum disorientation 
area and the degree and conditions of de- 
formation. 

A significant increase in the overall 
disorientation area inside a crystallite 
during its deformation, will lead to a mich 
larger number of crystallites being in the 
reflecting position, and to a slight increase 
in the number of the rings obtained, in 
comparison with the number of spots present 
in the corresponding X-ray diagrams of non- 
deformed test specimens. Owing to an 
increase in the overall disorientation area, 
to almost each ring on the *. line there 


will correspond a ring on the ns line. 


Prolonged tension test at 450°C during 137 hr 
(specimen 2). In case of the small deforma- 
tion (€ = 6 per cent), the rings formed on 
X-ray diffraction diagrams are in the form 
of comparatively intense spots with few 
Signs of diffuseness. A continuous but not 


92 
>» \ 
é 
| hes 
VOL 
6 
195 


Roent genographic investigation of deformed steel 


very intense, background blackening is found 
between the spots and, in what follows, this 
will be referred to as the ring background 
(Fig.1). Rings of the K,-doublet are sharply 
separated and, as a rule, there is no doub- 
ling of the spots in these rings. The values 
of fragment disorientation in the overall 
disorientation region in the crystallites, 
under all deformation conditions as used in 
the present investigations, are given in 
Table 1. 


mation present in the corresponding fragments 
under a given set of deformation conditions. 
Attention should be drawn to the lack of 
uniformity in the shape of the spots and to 
certain differences in the distance between 
spots in the various rings. This points to 
the fact that the deformation is different 
in different crystallites of the metal. 
Within the limits of any particular ring, 
the spot intensity, their shape and the 
distance between them are not all the same. 


TABLE 1 


Deformation 


Fragment 
disorientation 
Conditions min. 


Total disorientation 
area incrystallites 
(degrees) 


Test specimen No, 


e=15% 


e=15% 


7—18 
15—25 
20—30 
25—40 
35—45 
30—45 


11—20 
11—25 


1,.2—3 
2.5—7 
3—5 
3—5 
3—10.5 
1—3.5** 


| 


* From the moment of breakdown to the specimen removal from the furnace 
elapsed at the most 2 - 3 minutes 


** Annealing at 450°C after deformation 


*** Diagrams obtained in cobalt radiation 
**¢** Diagram of transverse section of the specimen 


Numerous spots are in the form of thin 
lines directed along the ring radii (Fig.2). 
The crystal fragments corresponding to them 
are usually somewhat less disoriented than 
the fragments producing the non-line type of 
spots on the same diffraction pattern. The 
resolution of the line-type spots is not 
very high, because the distance between them 
is small. In the diagrams of non-de formed 
specimens, the radial width of the line-type 
spots exceeds only slightly that in the 
deformed specimens i.e. by 10 to 20 per cent. 
This indicates only a small degree of defor- 


* The number of illustrations is limited because 
of reproduction difficulties. 


Therefore, as could have been expected, the 
comminution of crystallites under deformation 
does not necessarily occur to an equal extent 
at all points and the disorientation degree 
of the fragments thus formed with respect to 
one another is not uniform. As the degree 
of deformation is increased (€ = 15 per cent), 
the diffuse nature of spots in radial 
directions becomes slightly more visible. 
The individual nature of the spots becomes 
more discernible because of an increase in 
the distance between the spots, and the spot 
intensity rises considerably above that of 
the ring background. 

When the residual elongation (€) equals 40 
per cent, there is observed some further increase 
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Tem- Time 
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in the diffuse nature of lines along the 
ring radii, although the doublet separation 
is still quite sharp. The line-type form 

is found only in a few spots and its 
appearance is considerably less sharp. 
Characteristic are a low sharpness of the 
individual spots, a small difference between 
the spot intensity in comparison with that 
of the background, and the lack of a 
significant difference in the blackening 

of individual spots, resulting in a more 
uniform intensity distribution along the 
rings. All this points to a higher dimen- 
sional homogeneity of the fragments, to their 
smaller size and to a higher degree of 
structural perfection. 


Section (a) of X-ray diagram in Fig.1; 
x 10, 


FIG. 2. 


Prolonged tension test at 450°C during 15 hr 
30 min (specimen 17). X-ray micrographs of 
this.test specimen are, on the whole, 
similar to those obtained with specimen 2 
under the same deformation conditions. Only 
small differences are found in the radial 
diffusion of the rings. Almost no line-type 
structure of the spots was found even with 


@- section of X-ray diagram of specimen 
Diameter of irradiated 


Fe; x 7.5; 


FIG. 3, 
17, € = 15 per cent. 


section equal to 1304; 


b - photomicrogram of the same section. 
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€ = 15 per cent. The average disorientation 
of the fragments is a bit higher than that 
found with specimen 2. 

It is of interest to note that (for € = 
15 per cent) many spots show clear signs of 
splitting in the tangential direction (Fig.3). 
Microphotometric measurements on the spots 
in the transverse direction showed also, in 
some cases, signs of spot splitting. A 
similar case was also found in the X-ray 
diagrams of specimens 2 and 5. This type of 
spot splitting proves that the corresponding 
fragments split also into smaller disorien- 
ted regions. This is well illustrated on 
spot K (Fig.3a) which consists of several 
parts; their disorientation angle is 3 - 5’. 
Consequently, during the deformation as pro- 
duced in the loading range used, it is 
possible not only to observe the continuation 
of the disorientation produced in the initial 
period of fragment deformation, but also to 
see their further comminution. It is also an 
opportune moment to mention that, in general, 
the spots in X-ray diffraction diagrams of 
deformed test specimens do not represent 
sections with a uniform variation in blacken- 
ing; and hence, the fragments corresponding 
to such spots do not represent perfect 
regions of the crystalline lattice. 


| 


; 


X-ray diagram of specimen No.5, € = 15 
The diameter of the irradiated section 


equals 70}, 


FIG. 4. 


per cent. 
Fe radiation. 


X-ray diagram of specimen No.20, € = 6 
Diameter 


of irradiated section equals 804, )\ - Fe radiation. 


FIG. 5. 
per cent (after annealing at 450°C). 
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When the residual elongation has a value 
of € = 40 per cent, there is found an 
increase in the radial diffusion of the rings, 
a more uniform distribution of the blackening 
along them and an almost total absence of 
intense spots. 

Prolonged tension test at 450 C during 4 hr 
(specimen 5). Rings with clearly separated 
spots are discernible in X-ray micrographs of 
this test specimen (Fig.4). However, the 
spots are of a lower intensity and their 
radial diffusion is more pronounced than in 
specimens 2 and 17, although rings of the K,- 
doublet are still well divided. No spots 
were found with the liftie-type of structure. 
The degree of fragment disorientation was 
found to be higher than that observed with 
specimens subjected to prolonged tensile 
loading, (see table). 

Short-term tension at 450°C (specimen 21). 

In this case, the individual spots are just 
discernible on the intense ring background. 
The radial diffusion of rings is considerably 
more pronounced than in the case of prolonged 
tensile loading, but the K,~doublet is still 
split. The disorientation of fragments is 
somewhat higher than after prolonged tensile 
loading, (see table). 

Cold deformation (specimen 20). The radial 
diffusion of rings is much higher than that 
for the hot-deformed test specimens and the 
K,-doublet is no longer split at the elonga- 
tion value of € = 15 per cent. No spots are 
present in the rings. However, in some cases, 
it is possible to distinguish some ring 
sections, characterized by a higher intensity, 
which clearly correspond to larger fragments. 
When € = 40 per cent, there is found a 
characteristic, somewhat more uniform distri- 


bution of ring blackening, and aring intensity 


lower than that found with € = 15 per cent. 

Of special interest are the X-ray diagrams 
with this specimen after maintaining it for 2 
hr at a temperature of 450°C. A considerable 
reduction in the radial diffusion of the 
rings and the presence of a clearly discerni- 
ble splitting of the doublet were found for 
the specimen section with € 7 15 per cent. 
The more intense parts of the rings became 
much sharper. The calculated values of 
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fragment disorientation coincide with those 
obtained for the same test specimen prior to 
its annealing. Since, in all probability, 
no reversal of fragmentation takes place 
during annealing [4], it can be assumed that 
the calculation of the fragment disorienta- 
tion for the non-annealed state is correct. 
After annealing of the test specimen, the 
section micrographs obtained with the value 
of € = 6 per cent are characterized by a 
clear division of the K,-doublet and the 
presence of distinctly divided spots. The 
degree of disorientation of the fragments is 
much higher, even in the case of greater 
deformation values produced under prolonged 
loading in tension at the temperature of 
450°C (Fig.5). 

Check on the effect of texture. Since 
tensile loading of steel (not in the case of 
austenitic steel) isaccompanied by the 
appearance of texture with the [110] axis, 
and, in the present investigations we were 
concerned with reflections from the plane 
220) it was thought advisable to check if 
the results obtained could not have been 
affected by the texture. For this purpose, 
X-ray diagrams were prepared on a transverse 
section of the specimens, using a primary 
X-ray pencil parallel to the deformation axis; 


FIG.6. @-= X-ray diagram of the transverse section 


of specimen 17, € = 15 per cent. Diameter of 
irradiated section equals 804; ) - Fe radiation; 


b = photomicrogram of section A of the same X-ray 
diagram. 


TOL. 
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in addition, similar diagrams were also pre- 
pared with perpendicular X-ray beam direction, 
but using cobalt radiation. 

The diagrams prepared on the transverse 
section of specimen 17 (Fig.6) are exactly 
identical with the diffraction patterns given 
by the longitudinal section of the same 
specimen. The values of frayment disorien- 
tation, calculated for both cases, coincide 
completely (see table). 

The general nature of the diffration 
diagrams obtained in cobalt radiation shows 
no difference from that of the iron radiation 
diagrams. The (310) diffraction line also 
consists of separate rings with discernible 
spots (in the case of test specimens 2 and 
17). However, the spot separation is, as a 
rule, less distinct than in the corresponding 
diagrams obtained in iron radiation. There 
is a good agreement between the fragment 
disorientation values determined for both 
cases. 

Thus, the results obtained with deformed 
test specimens cannot be affected by texture, 
which does not appear to any noticeable ex- 
tent in the range of deformations studied, 
and they are therefore characteristic of the 
peculiarities associated with the state of 
de formation. 

Prolonged tensile loading of 35KhNM steel. 
The size of crystallites in non-de formed 

test specimens of this steel is only half of 
that in steel 25 studied previously (1.25 x 
10° 7mm). 
with the value of € = 20 per cent and after 


Already at a residual elongation 


specimen deformation at the temperature of 
500°C for 16 hr, a comparetively uniform 
blackening of the rings appears in the dia- 
grams and the rings show no indication of 
splitting into individual spots. The rings 
are more diffuse in the radial directions 
than in the case of 25 steel grade test 
specimens under identical conditions. 
fore, the comminution of crystallites during 
a prolonged tensile loading of 35 KhNM steel 
at the temperature of 500°C is probably more 
intense than that of crystallites in steel 
grade 25 at the temperature of 450°C. 


There- 


EVALUATION OF TEST RESULTS 


It should be emphasized that the presence 
of fragments in a crystallite does not invali- 
date the concepts concerning the existance of 
mosaic structure. The fragments themselves 
can consist of mosaic blocks, which disinte- 
grate and become disoriented during deforma- 
tion. This picture explains a number of 
changes observed in the X-ray patterns 
studied. Thus, an increase in the total 
block disorientation area in a crystallite 
can be responsible for the observed tangen- 
tial diffusion of spots under conditions of 
higher deformation. 

The presence of background between ring 
spots points to the fact that it originated 
in consequence of reflections from the 
fragment boundary regions. The low back- 
ground intensity, its comparatively uniform 
distribution along the ring and the radial 
diffusion, all go to prove that the boundary 
regions represent the extensively disinte- 
grated and deformed parts of the crystallites. 
But, at the same time, the fact that the 
background runs along the ring of the same 
diameter as the spots given by the fragments, 
shows that the boundary regions represent in 
fact those parts of the crystal lattice which 
have the lattice parameter of approximately 
the same value as the fragments. Quite often 
and even when there is a considerable degree 
of disorientation of adjacent fragments (up 
to 30-50’), the background between the 
corresponding spots shows a weak radial 
diffusion. This is possible only provided 
that the boundary region consists of an 
assembly of small and more or less disoriented 
blocks having only a small difference in their 
lattice parameters. 

As the extent and rate of deformation are 
increased, the degree of crystallites 
comminution will also increase and this will 
result in an increase in the "relative volume" 
of the boundary regions. Therefore, a reduc- 
tion in spot intensity produced by comminution 
of fragments should be accompanied by an 
increase in the ring background, just as it 
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was observed in the diagrams studied. 

The results obtained indicated a number of 
characteristic features in prolonged tensile 
loading of grade 25 steel. Both during the 
prolonged tensile loading at 450°C and during 
short-term deformation at the temperatures of 
450 and 20°C, there occurs a comminution of 
crystallites or of those of their fragments 
that were already present when the 
crystallites were in non-deformed state. For 
an identical degree of deformation, the 
largest and most perfect fragments are 
observed after a prolonged hot deformation 
and the smallest and most defectives ones are 
detected after the cold deformation. With an 
identical degree of residual deformation, the 
degree of comminution of the crystallites is 
more extensive during prolonged tensile 
loading than during the short-term one. 

The comminution of fragments during deforma- 
tion is integrally related to the extent of 
their deformation, because the breakdown of 
crystallites into separate regions can occur 
only in the presence of deformation. The 
extent of disorientation between crystallite 
fragments rises with increasing deformation; 
this is true for all the deformation condi- 
tions investigated. For an identical degree 
of deformation, the degree of disorientation 
of the fragments is higher the higher the 
speed of deformation. On the other hand, the 
hardness of metals also increases with 
increasing speed and degree of deformation. 
Thus, a lower degree of steel hardening 
corresponds to a lower extent of fragment 
disorientation. Although this hardening may 
very likely depend also on the dimensions of 
particles, it is nevertheless quite clear 
that a relationship of this kind between the 
disorientation of the fragments and the 
specimen hardening is more than coincidental. 
As the disorientation angle between particles 
is increased, their return to the initial 
positions becomes more difficult. Consequent- 
ly, it is possible that a rise in fragment 
disorientation favours the hardening of the 
metal during its plastic deformation. A 
similar concept was put forward in one of 
the papers by Hirsch [4] et al. 

Values of the total disorientation regions 


of reflecting fragments in a crystallite, as 
obtained in this study (see table) show no 
clear dependence on the rate of deformation. 
In the light of the concepts considered 
above, this factor is only approximately 
characteristic of the total disorientation 
region in a crystallite. But since this 
region appears in consequence of the dis- 
orientation of fragments with respect to one 
another, an increase in this latter factor 
will lead no doubt to a rise in the total 
disorientation region in a crystallite. There- 
fore it can be assumed that it rises with 
increasing degree and rate of deformation. 

In the case of longer periods of tensile 
loading at the temperature of 450°C (137 hr) 
and with a residual elongation value of € = 
6 - 15 per cent, there is found in diagrams 
of the deformed specimens some increase in 
the radial width of the spots, in comparison 
with those of the non-deformed specimens. 
Consequently, no significant second order 
distortions are present under these conditions 
and no extensive comminution of the mosaic 
blocks occurs. But it follows from a number 
of investigations [2,3] that the conminution 
of mosaic blocks is most intensive under low 
degrees of deformation and that subsequently 
it slows down or stops altogether. The 
increase in radial diffusion of the spots 
found to occur under increased deformation 
conditions is mainly due to an increase in 
the values of second order distortions. 

An increase in the rate of deformation at 
450°C results in accentuation of the diffuse 
nature of the spots and in a higher intensity 
of the background. This indicates an increase 
in the value of second order distortions, a 
comminution and disorientation of the mosaic 
blocks and an increase in the volume of 
boundary zones. All these effects are rather 
insignificant in the case of prolonged tension 
treatments for 15 and 4 hr, but their impor- 
tance increases quite considerably with short 
tensile loading treatments and even still more 
so in the case of cold deformation. 

It is clear from the X-ray diagrams 
obtained, that the deformation of individual 
crystallites is non-uniform, which points to 
differences in their degree of comminution, 
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disorientation and perfection of the frag- 
ments. The heterogeneity of crystallite 
deformation is particularly noticeable at a 
low degree of deformation and a small 
deformation rate. On the other hand, as 

the rate and degree of deformation are 
increased, the comminution of the fragments 
becomes much more intense and the hetero- 
geneity of deformation diminishes. 

It also follows from the test results 
obtained in the present investigations that 
there is a difference between a simultaneous 
and subsequent application of deformation 
and heating (steel grade 25). Even a 2 hr 
annealing period at the temperature of 450°C 
will not bring a cold-deformed test specimen 
to the state resulting after a short deforma- 
tion at 450°C, 

Differences were also noticed between the 
deformation of alloys and pure metals. 
Deformation of aheterogeneous alloy leads to 
a much more pronounced comminution of the 
fragments, to a much higher level of defects 
in them,and to an intensification of the role 
played by the boundary regions in as far as 
the interference pattern is concerned, which, 
in its turn, is shown by an increase in the 
ring -background intensity. While in Kelly’s 
[5] investigations on pure iron (with 
approximately the same crystallite dimen- 
sions as in our own case), the splitting of 
spots was observed in the diagrams even in 
the case of cold-deformed test specimens 
when the resicual elongation value was 
€ = 15 per cent, in the case of steel grade 
25, a similar splitting of the spots (for 
the same degree of deformation) was found 
only in the case of slow tensioning at the 
temperature of 450°C (for a period of 4 hr 
or more). With more complex alloys, 

e.g. steel 35 KhNM, no individual spots could 
be found in the rings of the diagrams start- 
ing with a residual elongation value of 20 
per cent even when the specimens were slow- 
tensioned at 500°C during 16 hr. 

It is necessary to emphasize still 
another conclusion following from the results 
obtained. Over the whole range of the defor- 
mation rates investigated, the macroscopic 
deformation of steel at 450°C is associated 
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with the shift mechanism of fragment 
formation. However, this fact does not ex- 
clude the possibility that a considerable 
role is played under these conditions also 
by the diffusion plasticity, which in any 
case is not the only basic mechanism of 
longitudinal tensioning. In this connexion, 
it appears advisable to undertake a study of 
creep using the technique here described. 


CONCLUSIONS 


1. A possibility is shown of using the 
micro-beam technique in studies of plastic 
deformation of steel. 

2. Prolonged tensile loading of grade 25 
steel at the temperature of 450°C is 
accompanied by comminution and disorientation 
of the crystellite fragments. The degree of 
disorientation of the fragments rises with 
increasing speed and extent of the deforma- 
tion applied. The value disorientation angle 
of the fragments in the cases studied, varies 
from 5 to 40’ and that of the overall 
disorientation area in an individual crystal 
shows a variation of several degrees. It was 
found that some fragments formed during de- 
formation have a fine structure. 

3. Cold deformation of grade 25 steel 
test specimens is accompanied by a much more 
intense comminution and disorientation of the 
fragments and their defects are more exten- 
sive than those occurring during deformation 
at the same rate but at the temperature of 
450°C. 

4. The cold deformation followed by a 
subsequent annealing at 450°C does not lead 
to the fine structure and condition of the 
specimen as produced by a short deformation 
at the temperature of 450°C, i.e. the effect 
of deformation and heating on the structure 
of metals is not additive. 

5. The fragments present in crystallites 
of deformed gracile 25 steel are not equivalent 
to the mosaic blocks and their size is much 
greater. However, this fact does not preclude 
the possibility that the structure of the 

fragments themselves is of the mosaic type. 

6. Prolonged tensile loading of the 35 
KhNM steel, which represents a more complex 

alloy type, is accompanied by a more extensive 
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comminution of the fragments of crystallites 
than that resulting from prolonged tensioning 
of grade 25 steel test specimens at the 
temperature of 450°C, 

7. On the basis of the results obtained 
it is possible to conclude that an increase 
in the disorientation of the fragments with 
respect to one another results in a higher 
metal strength. 

8. In the case of prolonged tensile 
loading of both the grade 25 carbon steel 
and of the 35 KhNM steel under the experi- 
mental conditions used in the present study, 
the role played by the displacement mechanism 
of fragment formation is of a primary impor- 
tance. 


Translated by H. Cygielski 


REFERENCES 


M.Ya. Fuks and L.Ya. Goldshtein, 
Fiz. metal. metalloved. 6, 3, 
S32 (1988). 


M.Ya. Fuks L.I. Lupilov and 
N.V. Slonovskii, Fiz. metal. 
metalloved. 2, 328 (1956). 


B.M.  Rovinskii and L.M. Rybakova, 
Izv. Akad. Nauk SSSR, otd. tekh. 
nauk, No.9, 1241 (1953). 


P. Gay, P.B. Hirsch and A. Kelly, 
Acta Cryst. 7, 41 (1954). 

A. Kelly, Acta Cryst. 7, 554 
(1954). 


99 
i 
4. 
OL. 
6 
958 
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A study is made of variation in the intensity of back reflections in X-ray diagrams 
of brass, copper, aluminium and steel under conditions of cold deformation. 

An increase in intensity of the (331) and (420) lines was at first observed during 
static compression of brass and copper test specimens, When a definite value of the 
residual deformation was reached, the intensity dropped during further deformation. 

Analogous tests on aluminium showed a uniform rise in the intensity of lines (422) 
and (511) over the whole interval of residual deformation values used. 

The reduction in intensity of the (220) line found at the surface of cold-worked 


(polished) steel test specimens efter the surface layer was removed, stops at a VOL 
distance of 50 . from the surface. 6 
195 


The above phenomena can be explained by the presence of two effects acting in 


opposite sense on the line intensity: the development of third order distortions and 
secondary extinction associated with block fragmentation. 


1. The problem of the extent to which 
extinction can affect the intensity of back 
reflection lines (last lines) in X-ray 
diagrams of polycrystals is of a great 
practical interest since it is according to 
these lines that the third order distor- 
tions are measured in many cases. 

The inaccuracy should be pointed out in 
a widely held idea that the effect of 
extinction is at its highest for the more 
intense lines. It is usually understood 
that the lines mentioned refer to the front 
reflection lines. This lack of precision 
arises from the fact that in many cases no 
distinction is made between the effects of 
primary and secondary extinctions. 

If only the primary extinction occurs, 
it can be easily shown that its effect will 
be at its highest for the lines with small 
indices, i.e. for the front reflection 
lines [1]. A reduction of this effect with 
increasing indices takes place at a uniform 
rate and it is defined by the rate of fall 
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of the f curve. Thus, the effect of 
Primary extinction on the intensity of 
back reflection lines is in most cases 
negligible. It is only when dealing with 
polycrystals with large size blocks and 
when using long wave radiation, that this 
effect can be detected also on the back 
reflection lines. 

The effect of secondary extinction is at 
its maximum for the lines with the highest 
value of integral reflection of a unit 
volume Q. 

2 sin 20 

The symbols used in the above equation are: 
N is the number of elementary cells per unit 
volume; A is the wavelength used; |F|? the 
structural factor consistiny of the atomic 
and thermal members; 6 the angle of 
"reflection". For most metals with a cubic 
crystal structure, |F|? = M f? where, M is 
a constant for all hkl and, consequently, 
the value of Q is determined by the product 
of two factors: f* -- which decreases with 
increasing values of 6 and by (1+cos? 26)/ 


Intensity of the back reflection in X-ray diagrams 


(2 sin 2 6), which passes through a minimum 
for 6 = 45° and increases symmetrically both 
toward larger and smaller angles. 

In the case of analysis in soft radiation 
(Fe,Co,Cu), the decrease in the atomic 
factor in function of angle variation occurs 
at a comparatively slower rate and, for the 
back reflection lines of the roentgenogram, 
the value of Q can drop to a much greater 
extent than is the case with lines lying in 
the region of angles approaching 45°. 

The lines with highest values of Q mst 
not necessarily be the most intense ones, 
since line intensity depends also on the 
absorption and repeatability factors. Hence 
it follows that the concepts of a predominant 
influence of extinction on the most intense 
lines is correct only in the case of 
secondary extinction and even then with some 
reservations (e.g. if the term line intensity 
is taken as meaning the factor Q and not the 
total intensity). 

Plastic deformation, which leads to the 
breakdown of blocks and to an increase in 
their disorientation, should bring about a 
rise in intensity by reducing the extent of 
secondary extinction. On the other hand, the 
development of third order distortions 
results in a drop in intensity and the 
observed variation in intensity will then be 
conditioned by the predominance of one or the 
other effect. This latter deduction was 
subjected to an experimental verification. 

2. An investigation was made of test 
specimens of red copper, brass L-62 and 
technical aluminium under the conditions of 
static deformation in compression. The 
specimens were cylindrical in shape, with 
a diameter of 10 mm and length of 15 mm in 
the case of copper and brass and with 20 mm 
diameter and length h = 30 m, in the 


- case of aluminium. Before deformation, the 


specimens were subjected to annealing : for 
2 hr at 400°C for copper, for 1 hr at 450°C 
for brass and for 1 hr at 400°C for the 
aluminium test specimens. All specimens 
were cooled together with the furnace at a 
rate of about 40°/hr. The X-ray analyses 
were carried out in type 1-KROS camera using 


CuK, radiation. For improving the accuracy 


of intensity measurements, the camera was 
fitted with a special instrument making it 
possible to obtain an additional standard 
line. This instrument consisted of an 
aluminium half-disk, arranged perpendicularly 
to the X-ray beam and rotated by the camera 
motor. The standard line chosen was the 
(422) aluminium line. The mean experimental 
error of test measurement was not higher 

than 1-2 per cent. 

The experimental results obtained are 
shown graphically in Figs. 1 and 2. As it is 
clear from Fig.1, the intensity of the (331) 
and (420) lines of copper and brass is lower 
in the non-deformed test specimens than in 
the deformed ones. A maximum intensity is 
found to correspond to low degrees of defor- 
mation and then, although its value drops 
with rising deformation, it nevertheless 
remains higher than in the annealed test 
specimen. 


28 
4 4 


Residual deformation, in % 


FIG.1. Variation in the intensity 
of back reflection lines of copper 
and brass during plastic deformation: 


1 - (420) copper; 2- (331) copper; 
3- (420) brass ; 4-+ (331) brass. 
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FIG.2. As in Fig.1, but for aluminium 


A relationship of this kind confirms the 
truth of our postulate that the intensity of 
back reflection lines is affected by extinc- 
tion. In fact, in annealed state, all the 
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metals investigated have a comparatively 
coarse-grained structure and, consequently, 
the intensity of all lines was reduced 
because of extinction. A comminution of 
blocks and an increase in their disorienta- 
tion are most intense in the initial stages 
of deformation [2], while the value of third 
order distortions at this time is low, and 
there is observed an increase in intensity 
owing to a reduction in extinction. 

As the degree of deformation is increased, 
the average size of the blocks tends to a 
definite limit (while their degree of dis- 
orientation reaches, in all probability, a 
maximum value before that (2,3]), the third 
order distortion goes on increasing and, 
under such conditions, any change in the 
intensity is brought about mainly by deforma- 
tion and the value of intensity diminishes. 

A completely different nature of this 
relationship, in the case of aluminium, 
(Fig.2) can be ascribed to either a lower 
value of the third order distortion and its 
higher stability [4], or to a different 
structure of the crystallites [5]. This 
makes the effect of extinction predominant 


over the whole range of residual deformations. 


It.should be emphasized that intensity 
variation can be associated with the presence 
of texture, the formation of which is not 
impossible. But if this were the case, we 
should expect the value of intensity changes 
for various lines to be different. This, 
however, was not observed in our investiga- 
tions and hence it can be postulated that the 
effect of texture, if it occurs, is con- 
siderably lower than that of extinction. 

3. In a work-hardened state (e.g. by 
polishing) of a metal surface layer, it is 
possible by a progressive removal of such 
surface layers to produce structures with 
various degrees of block fragmentation and 
a range of third order distortions varying 
from their maximum value at the surface to 
the incipient one at a depth exceeding the 
thickness of the work-hardened layer. The 
metal treatment conditions can be chosen so 
that the third order distortions are small 
and, in this case, the variation in the 
roentgenogram lines, intensity as obtained 


Intensity of the back reflection in X-ray diagrams 


during a progressive removal of the metal 
surface layers, will be conditioned 
primarily by variations in the value of ex- 
tinction. 

For this purpose, test specimens were 
prepared in the form of disks 30 x 10 mm from 
grade 45 steel previously subjected to 
recrystallization annealing for 2 hr at a 
temperature of 850°C, The surface of the 
disks was first polished by hand with emery 
paper and then given a mirror-like polish by 
final polishing on a felt polishing disk 
using GOI paste with kerosine. The purpose 
of this treatment was to remove the degraded 
surface layer containing numerous deep 
scratches, which behave as nuclei of local 
heterogeneities in stressed state, and to 
create in this way a more or less homogeneous 
surface hardening state. For comparison 
purposes, the surface of another specimen was 
polished only with the GOI paste, which 
produces practically no hardening [6] but 
the surface layer purity obtained is almost 
the same as in the first case. 

X-ray diagrams were made using FeK, 
radiation. The nickel (222) line was chosen 
as a standard, a foil of nickel being fixed 
for this purpose to the base of the X-ray 
1-KROS camera in such a way that it was in 
front of the test specimen and that on 
eccentric ratation of the specimen, the beam 
of X-rays fell alternately on the standard 
and on the test specimen. 

The specimen surface layers were removed 
by etching in a weak solution of HNO,. The 
etching depth was determined by optical 
means with an accuracy of 1-2 4; after each 
etching, the specimen was radiographed. The 
total etching depth was of the order of 100- 
150 41, which was found quite satisfactory for 
a complete removal of the work-hardened layer. 

The photometric measurements on X-ray 
diagrams were made using the MF-4 microphoto- 
meter with a magnification of X19. Since we 


were interested only in the qualitative 
nature of intensity variations, no conversion 
was made of the microphotometric curves into 
the curves of blackening and, as a measure of 
intensity, the ratio was taken of the areas 
of the microphotometric curves of the line 
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(220) to those of the (222) line of the 
standard. 

In Fig.3, are shown the test results 
obtained and it is not difficult to see that, 
in the case of the first test specimen, an 
approximately 20 per cent reduction is found 
in the intensity of lines (200)as the work- 
hardened surface layers are removed to a 
depth of 50 1. Further etching to a depth 
of 100° produces no further changes. With 
the second test specimen, the intensity of 
lines remains constant within the limits of 
experimental error. The difference (of 
about 4 per cent) between the intensities at 
depths greater than 50 uw for the specimens 
No. 1 and 2, is conditioned by differences 
in the initial setting during the photometric 
measurements, which were carried out by 
different workers and on different occasions. 
The above value represents also the error 
introduced by the fact that no conversion 
was made of the photometric curves into the 
blackening curves. 

The relationships observed during the 
present tests show that, in the case when 
the third order distortions are small, the 
variation in intensity depends primarily on 
the extent of mosaic structure formation at 
various depths and, consequently, it is 
conditioned by the value of the extinction 
effect. In the case, an "anomalous" 
variation is observed in intensity values as 
the work-hardened layers are progressively 
removed. With increasing distance from the 
metal surface, the effect of extinction 
becomes more pronounced and the line inten- 
sity drops correspondingly because the 
influence of the third order distortions 
acting in the opposite sense is insignificant 
and its value is insufficient for overcoming 
the effect of extinction. 
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FIG.3. 1+ test specimen polished with GOI paste; 
2+ test specimen polished with emery paper. 


4. The experimental results here 
reported show that with various materials 
under various deformation conditions, a 
considerable effect can be exerted by the 
secondary extinction on the intensity of 
back reflection lines in X-ray diagrams. A 
reduction in this effect, resulting from 
block comminution during cold deformation, 
leads to an accentuation of the intensity of 
these lines, thereby disproving the evidence 
with regard to the role of third order dis- 
tortions. 

It can be assumed with confidence that 
the above phenomenon occurs always to some 
extent during X-ray analyses of non-powdered 
massive test specimens, even though they may 
not be coarse-grained to any extent. In 
fact, even not very coarse-grained metals 
can show the occurrence of considerable ex- 
tinction, provided that their crystal 
structure is far removed from the ideal 
mosaic one. 

As a rule, the highest distortion of 
intensity because of extinction is observed 
in the lines of metals subjected to 
recrystallization annealing for the purpose 
of a complete removal of the third order 
distortions. Because of this, all the 
methods, in which the evaluation of third 
order distortions is based on a comparison 
of line intensity given by the deformed and 
annealed test specimens,are unreliable, 
unless a check is made for the presence or 
absence of extinction. 

In view of the above conclusions, care 
must be taken in assessing the results of 
investigations during which an evaluation 
was made of the third order distortions with- 
out paying due attention to the role of ex- 
tinction. In spite of the fact that, in a 
number of cases, the effect of deformations 
can be predominant, the presence of extinc- 
tion can distort the picture obtained to a 
quite considerable extent (1). 


Translated by H. Cygielski 
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1, During an electron microscopic investi- 
gation of an alloy of aluminium with 4 per 
cent Cu [1,2] certain changes were observed 
in the form and dimensions of the etching 
figures in function of artificial ageing (at 
150 and 190°C). After quenching, proper 
ageing and an initial period of artificial 
ageing, the etching figures had octahedral 
and dodecahedral faces. Cubic type etching 
figures were found only in specimens 
subjected to a preliminary deformation 
followed by a prolonged ageing at a tempera- 
ture between 100-150°C (softening stage). 
The dimensions of etching figures produced 
after quenching, varied from 1 to 15 44 The 
most frequently encountered were etching 
figures with dimensions of 3 to 5 4. In the 
case of artificially aged test specimens, 
the dimensions of the etching figures 
gradually diminish and the regular shape of 
the figures is lost. When the alloy reaches 
its maximm hardness (after ageing at 150 
and 190°C), it is no longer possible to talk 
about regular-shaped etching figures but 
rather about a relief of the etched surface. 
Both the regular-shaped figures and the 
surface relief are characterized by the 
presence of brightly coloured specks, which 
correspond to Guinier-Preston (G.P.) zones, 
and to the @'-phase particles in the case 
of artificial ageing. On this basis, the 
transition of etching figures into surface 
relief during the ageing period was con- 
sidered as a process of transformation of 
the etching figures. At the same time, it 
was thought that the etching figures corre- 
spond to mosaic blocks and the phenomena 


*Fiz, metal. metalloved., 6 No.4, 686-91, 1958. 


observed in the ageing process were regarded 
as representing the comminution of mosaic 
blocks to fragments with dimensions of the 
order of 0.3-0.5 4. Furthermore, it was 
also assumed that cubic etching figures are 
produced by the distribution of impurities 
and that etching figures with octahedral and 
dodecahedral faces are formed as a result of 
stress distribution. 

An investigation of the surface of etched 
Al-Zn-CGu alloys [3] showed that the figures 
produced by etching of this alloy are 
associated with migration to the alloy sur- 
face of gigantic spiral or helical disloca- 
tions, the Burgers’ vector of which has a value 
of the order of several hundred angstrom units*. 

Certain observations, made during a 
detailed analysis of electron micrographs 
obtained in our earlier investigations, 
point to the fact that the etching figures 
produced in other aluminium alloys are 
associated with the presence of considerable 
spiral, or helical, dislocations. This is, 
for instance, confirmed by the presence of 
crater-like peaks in some octahedral 
etching figures in the Al-Qu alloy (4 per 
cent Cu content) [2], by segregations at the 
peaks of the Al-Qu [6] alloys octahedra and 
at the peaks of cubes of the Al-Ag alloys 
[7,8], as well as by the distribution of 
these segregations in the spirals. It is 
interesting to note that whereas in the case 
of Al-Zn-Qu and Al-CGu alloys the axes of 
dislocations are parallel to the cube faces, 
with the Al-Ag alloy they are parallel to 


* Since the publication of this paper, the results 
were published of an investigation by Bontik fi ,in 
which spiral and helical dislocations were detected 
in CaF2. Thus an additional proof is provided for 
explaining the nature of etching figures by the 
presence of spiral of helical dislocations. 
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the crystallographic axes <l11>. In the 
Al-Ag alloy, the lamellae of the y'- phase 
are distributed non-uniformly in the 
etching figures, depending on their orienta- 
tion (Fig.10 in work [8]). Close to each 
cube peak, the lamellae are found to be 
mainly perpendicular to the <l11> axis, 
passing into the peaks. The lamellae are 
bent and are arranged with the concave sur- 
face facing the peak. These facts further 
confirm that the etching figures are 
associated with spiral or helical disloca- 
tions. 

In our earlier investigation [2], a 
conclusion was made that the etching figures 
correspond to mosaic blocks or to the sub- 
structure grains. 

An elucidation of the nature of etching 
figures opens up new possibilities in the 
study of the processes occurring in alloys 
during their breakdown and makes possible a 
new approach to the study of the relation- 
ship between hardening and the mosaic 
structure. In the light of what has been 
said above, a further study was now made, by 
means of an electron microscopic technique, 
for the purpose of a detailed examination of 
etching figures in the Al-CGu alloys so as to 
trace their changes in function of the 
concentration and extent of the alloy break- 
down. 

2. Electron microscope investigations 
were made of the aluminium alloys containing 
0.25, 0.5, 1.5 and 4 per cent copper. The 
alloys were made using copper with a purity 
of 99.99 per cent; they were subjected to a 
preliminary vacuum melting. The specimens 
to be used in the investigation were aged at 
the temperatures of 190 and 250°C. In 
parallel with structural studies, determina- 
tions were also made of the alloy hardness 
at various ageing periods. As etching agents 
aqua regia, Lacombe’s reagent [10] and Tucker’s 
reagent [12] were used. The etching figures 
produced by all these three reagents were in 
the form of cubes. In addition to etched sur- 
faces, the study was extended to cover electro- 
polished surfaces. 


3. a) Al-Cu Alloys (0.25 and0.5 per cent Cu). 
Etching figures in the form of cubes, with 


dimensions from 1 to 3 4, were observed when 
the alloy surface was etched, quenched and 
aged at the temperatures of 150 and 190°C, 
Step-like structures forming the spiral 
(Fig.1) were observed at cube boundaries, 
and this is particularly clearly shown in 
the alloy with 0.25 per cent Cu content. 


Al-Cu alloy (0.25 % Cu content) 
x 14,000 


FIG. 1. 


FIG. 2. As in Fig. i. 


Therefore, it is possible to conclude 
that the spiral etching figures in the Al-Cu 
and Al-Zn-Cu alloys investigated, are 
associated with the penetration of the alloy 
surface by either spiral or helical disloca- 
tions. The direction of the dislocation axes 
coincides with that of the cube axes. How- 
ever, not all the dislocation axes penetrate 
through the centre of the etching figure 
faces. For instance, it is clearly shown in 
Fig.1, that two dislocation points of 
emergence are situated near the larger cube 
edge, whereas in the case of the smaller 
cube, the points of emergence of the dislo- 
cation axes are approximately in the centre 
of the cube faces. 

With some etching figures, we find that, 
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instead of the step-like structures, there 
are present small protuberances, appearing 
most clearly in relief at the corners and 
edges of the cubes (Fig.2). 
are of the order of 0,05-0.3 4. Since these 
protuberances are characteristic of alloys 
but not of pure aluminium, there seems to be 
little doubt that they are produced by the 
concentration of impurities at the disloca- 
tions. 


FIG. 3. Al-Cu alloy (0.5 % Cu content); 
x 10,500 


In many cases, the etching with Lacombe’s 
reagent produced surfaces with a foliated 
this is most pronounced in the 


structure; 
case of the alloy containing 0.5 per cent Cu 
(Fig.3). 

On some rare occasions, light coloured 
spots were visible in electron micrographs 
of the specimen with 0.5 per cent Cu content 
after its ageing at 190°C, which indicates 
the presence of either Guinier-Preston zones 
or at nuclei of the 6 '- phase. 

b) Al-Cu Alloy (1.5 per cent Cu content). 
Cubic etching figures, with step-like 
structure, protuberances and foliated 
structure (Fig.4) were detected in the 
etched surface of the quenched specimen of 
this alloy; similar observations were made 
on test specimens with smaller copper 
contents. In addition, some etching figures 
were also detected having octahedral and 
dodecahedral faces but without waviness, 
relief or protuberances. 


Their dimensions 


The ageing of the alloy at the tempera- 
tures of 150 and 190°C is accompanied, at 
first, by a reduction in the dimensions and 
in the extent of distortion of the 
octahedral and dodecahedral faces, followed 
finally by their complete disappearance. The 
etching figures of cubic form retain their 
identity until much later ageing stages. 

After an etching duration of 3 days 
at the temperature of 150°C, the electron 


FIG.4. Al-Cu alloy (1.5 % Cu content); 
ageing at 150°C for 24 hr; x 10,500. 


micrographs obtained on the specimens etched 
with aqua regia have etching figures with 
dimensions of 0.6 to 0.8 4, and with rounded 
corners and edges. At the face centres of 
these figures, which are somewhat similar to 
cubes, holes and steps are found (Fig.5) 
indicating that they are associated with the 
penetration of dislocations to the surface. 


FIG.S, Al-Cu alloy (1.5 % Cu centent); 
ageing at 150°C for 72 hr; x 16,800, 
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When the alloy test specimens were aged 
at 150°C (for 24 hr), the micrographs showed 
light spots corresponding to G.P. zones. 

The distribution of these spots is both 
random and regular. This is because together 
with the dark streaks, the spots form a 
cellular structure with the dimensions of 
0.1-0.2 u (Fig.6). 


FIG.6. Al-Cu alloy (1.5 % Cu content); 
ageing at 150°C for 72 hr; x 21,000, 


The etched surface of a strongly aged 
alloy (at the temperature of 190°C for 9 
days or more) shows again the presence of 
regular-shaped etching figures with dimen- 
sions of 1 or more, which appear together 


with coarse segregations of the 6'-~ phase 


(1 x 1 x 0.01 to 0.02 4). Some of these 
etching figures (whose shape is neither 
octahedral nor dodecahedral, contain light 
spots forming either a network* of hexagonal 
or rectangular cells with dimensions of 400- 
500 A , or rows with the distance between 
them of 400-500 A (as shown by arrows in 
Fig.7). The pattern of light spots resembles 
the dislocation distribution in AgBr [4] and 
in forged and polygonized aluminium foil 
(12]. In this latter case, electron 
micrographs showed the existence of a network 
and rows of dislocations of dimensions which 
are smaller, greater and the same as those 
obtained in the Al-Cu alloys. 

c) Al-Cu Alloy (4 per cent Cu content). 

The alloy of this composition was aged at 

the temperature of 250°C. As the ageing is 
continued, the etching figures produced on 
the alloy surface become less regular in 


* In octahedral and dodecahedral etching figures, 
the light spots are distributed randomly. 


shape and their dimensions decrease. In 
aged condition, there appear again, side by 
side with coarse segregations, the regular 
etching figures with dimensions of 

1 4 and more. The figures show a 

divergent "channel" running from the centre 
(Fig.8). Similar defects in growing spirals 
are usually regarded as indicating the 
mobility of helical dislocations during the 
process of their growth. It is possible that 
in the: case of Al-Cu alloy, the channel-like 
defects in the etching figures indicate also 
the mobility of dislocations but, this time, 
during the etching process. 


FIG. 7. Al-Cu alloy (1.5% Cu 
content); ageing at 190°C for 
216 hr; x 10,500, 


FIG. 8. Al-Cu atioy (4% 
copper content); ageing 
at 250°C for 2 hr; 

x 10,500, 


For the alloy of the type here considered, 
a spiral etching figure was detected in an 
electron micrograph. Just as in work [2], 
craters or holes were also observed in the 
peaks of some of the octahedra. 

4. It is clear from the experimental data 
here reported that the figures obtained 
during etching of Al-Cu alloys are associated 
with considerable screw or helical disloca- 
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tions. However, because the distance 
between consecutive spiral turns is small, 
it is difficult to determine both the value 
of Burgers’ vector and the course of the 
spiral. 

Cube-shaped etching figures are 
characteristic of non-ageing Al-Cu alloys. 

An alloy with 1.5 per cent Cu content, shows 
an increase in its hardness after ageing, 
although its value is small. For this reason, 
its etched surface shows etching figures 
having the form of cubes, octahedra and 
rhombohedra. An examination of the etching 
figures of this alloy as a function of the 
temperature and duration of ageing shows that 
the octahedral and rhombohedral figures are 
connected with the intial stages of ageing. 
The first of these appears again together with 
the appearance in the alloy of large segrega- 
tions. 

The relationship between the form of 
etching figures and the alloy concentration 
and their ability to age is rather difficult 
to assess at the present stage of our 
investigations. But the following tentative 
conclusions can be made even now. 

In alloys with a low copper content, which 
have no tendency to structural breakdown, 
the form of etching figures is determined 
not only by dislocations but also by the 
impurities present. This follows from the 
difference in the shape and relief of the 
cubes. Some of them have no spirals and 
instead show a sharp relief in the form of 
protuberances, and it can therefore be assumed 
that they have no connexion with any appreci- 
able screw helical dislocations. Other cubes 
show the presence of spirals, and their edges 
and corners are rounded off. No traces of 
protuberance-type relief is found in their 
surface. Clearly, these cubes are associated 
with extensive screw or helical dislocations. 
The rounded-off nature of the peaks and edges 
can be taken as an indication of a tendency 
for producing etching figures with octahedral 
faces. 

In the alloys showing a tendency to ageing, 
an important role in determining the shape of 
the etching figures is played by the dislo- 
cations and products of the alloy breakdown 


in the form of G.P. zones, as well as by the 
particles of the metastable @'-phase. It 
is likely that in such alloys, there occurs 
during ageing a process of re-distribution 
of the existing dislocations and the creation 
of some new ones. Both the coagulation and 
annihilation of the dislocations can occur 
during the stage of their re-distribution. 
That a coagulation of the screw dislocations 
is quite possible, is shown by the fact that 
some surface relief is always present in the 
cube-shaped etching figures (although the 
cubes have no spirals). In all probability, 
this is connected with the presence of 
scattered screw dislocations. The relief is 
absent in the octahedral and rhombohedral 
etching figures. 

It was established in investigations {1 
and 2], that the alloy hardening by ageing 
treatment is accompanied by a comminution of 
the sub-grains and a clearer manifestation 
of their boundaries, because of an increase 
in the number of the G.P, zones and of the 
6 '-phase particles present in them. At the 
same time, the shape of the sub-grains does 
not correspond to the original form of the 
etching figures. An impression is created 
that during this stage of ageing there is a 
rapid increase in the number of edge dislo- 
cations inside the sub-grains and especially 
along their boundaries, while all the greater 
screw or helical dislocations disappear (no 
dislocations of this type could be detected 
during the above stage of alloy breakdown). 
Etching figures of octahedral form re-appear 
in the surface of alloys subjected to pro- 
longed ageing. The appearance of these type 
of etching figures can be explained as 
follows. The growth of the 0’- phase 
particles is accompanied by disruption of 
the coherent bond between the particles and 
the matrix. If this process of bond 
disruption close to each lamella occurs not 
instanteneously but requires some time for 
its completion, it can give rise to screw 
dislocations. A coagulation of newly formed 
spiral deformations leads to the creation of 
greater dislocations and to the appearance of 
a more coarse-grained sub-structure, as 
shown on etching in the form of octahedral 


109 
TOL. 
6 
958 


Etching figures in Al-Cu alloys 


and cone-like figures. 

On the basis of the experimental data 
obtained, it is possible to establish three 
modes of light spots distribution in 
electron micrographs: (1) random, (2) 
cellular and (3) a network in the form of 
parallel small chains. 

It can be assumed that the first of this 
type of distribution corresponds to either 
the distribution of dislocations in the 
Taylor's type of crystal lattice, or it is 
not connected with dislocations at all. The 
cellular distribution is connected with the 
existence of a very fine submicro-mosaic 
with dimensions of 0.1-0.2 4, whose bound- 
aries consist of dislocations. This sub- 
micro-mosaic isdetectable in the initial 
ageing stages. The third mode of distribu- 
tion corresponds to dislocated boundaries of 
sub-grains, whose dimensions vary from 0.3- 
0.5 4 to several microns, depending on the 
degree of the alloy breakdown. 


CONCLUSIONS 


(1) New experimental data were obtained, 
which show that the etching figures produces 
in Al-Cu alloys are connected with the 
presence in the alloy of considerable screw 
or helical dislocations. 

(2) It was established that the form of 
the etching figures given by the alloys 
tested, depends on the extent of the alloy 
breakdown, on the copper content in the 


alloys and on their tendency to ageing. 11 


(3) A network-like distribution of 
dislocations along the sub-boundaries was 


established. 
(4) A new proof was provided for the 


postulate that the etching figures correspond 13. 


a2. 


to sub-grains or to the alloy mosaic blocks. 


Translated by H. Cygielski 
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Data are given about the structure of the Al-Sn liquid alloy systems at different 
temperatures and various concentrations, which were obtained from graphs of the atomic 
density distribution drawn according to the results of a diffraction photograph. 


1, At a time when a comparatively large 
number of works were published on the 
examination of the structure of Liquid 
metals, the structure of liquid metal alloys 
was insufficiently studied. It is possible 
to name only a few works in which X-ray 
photographs were obtained of alloys at one 
concentration at a temperature close to the 
melting point. 

One of the first in this sphere was the 
work of Danilov and Radchenko [1]. They 
examined liquid alloys of eutectic composi- 
tion of the Bi-Sn, Sn-Pb, Pb-Bi and Sn-Zn 
systems. On the basis of a qualitative 
comparison of the graphs for the intensity 
of the scatter of X-rays by the alloys 
existing in the liquid state, with the graphs 
for the intensity of the liquid component, 
the authors drew the conclusion that the 
alloys mentioned consist of separate regions 
enriched by atoms of one sort. A function 
of the atomic density distribution gives 
more reliable data about the structure of 
liquid materials. However, its calculation 
was carried out [2] only for one liquid 
metal alloy - Pb-Bi. Since the component 
atoms of this alloy have similar radii and 
on the graph for the distribution one 
maximum is found, it was not possible to 
draw definite conclusions about the 
character of the local atomic order in the 
liquid alloy from the graph obtained. There- 


fore in the work [2] the graph of the 
distribution for the alloy was compared with 
a graph drawn by summing the graphs of the 
radial atomic density of the pure liquid 
components. It happened that both curves 
look similar, and the maximum is placed at 
the same distance which, as the author 
notes, confirms the conclusion drawn in the 
work [1] about the structure of liquid 
eutectic alloys. 

A more detailed study of the structure 
of liquid metal alloys was not carried out. 
For example, there is no information about 
the temperature and concentration dependence 
of the structure of liquid alloys. It is 
linked both with the difficulty of the means 
of obtaining a monochromatic diffraction 
pattern of the liquid and also with the 
difficulty of the technique of calculating 
the function of the atomic density distribu- 
tion in the alloys. 

In [3-5] we were shown the advantage of 
applying the electron diffraction methods to 
these aims. Short exposures for taking 
electron photographs enable the separate 
details of the structural change in the 
alloys for a rise in temperature to be fixed 
easily, and the presence of one wavelength, 
removes one of the difficult problems of the 
X-ray photography of liquids —obtaining 
monochromatic graphs of the intensity. 

In work [5] is given the method for 
calculating the function of the radial atomic 


*Fiz, metal. metalloved. 6, No.4, 692-699, 1958. density distribution in the liquid alloy from 
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the results of an electron photograph, with 
the help of which a graph of the atomic dis- 

tribution in a melted Al-Sn alloy containing 

60 per cent atomic Al is drawn. 

In the present work, results are given for 
an electron diffraction study of the struc- 
ture of the liquid Al-Sn alloys of four 
compositions each of which is studied at 
several temperatures. 

2. Thin films (3 x 10°%cm), prepared by 
sublimation of the metal in a vacuum, served 
as samples of the alloys. The concentrations 
of the components in the alloys were deter- 
mined as a result of weighing [6]. Melting 


the samples and taking the electron photograph* 


were carried out in a high temperature 
electron microscope [7]. The blackening on 
the electron photograph was measured with a 
microphotometer MF-2 and according to the 
amount of blackening, experimental curves 

for the intensity were drawn. The latter, 
after calculating the incoherent scattering, 
were used in the calculation according to the 


formula (5). vo 
2r 
Kenden (1) = KenPocn + — | s + i(s) sin (sr) ds, 
e 
0 (1) 


Ken + Pon (r) Pai (r) ’Sn (r), 


C_ is the component atomic concentrations in 


‘m 
the alloy, 


K,, is the effective number of “singly charged 


particles" in the atom of type m, 
/N— 


i (s) => 


~ is the average scattering ability of 
"singly charged particles", 
4x sin $ 
The integral in equation (1) is calculated 
by a method of approximate integration using 
the trapezium rule with the help of specially 
compiled tables. The interval for integra- 
tion is broken up into sections of 0.05 s. 
In the calculation of Poen the value for the 
density of liquid metals [8] is used. 


* The electron photographs were obtained from 
liquid alloys brought to the appropriate tempera- 
tures by means of heating the samples, and also 
cooling from temperatures considerably exceeding 
the temperature at which the photograph was taken. 
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3. The alloys of the following composi- 
tions have been studied: (1) Al - 80%, 

Sn - 20%; (2) Al - 60%, Sn - 40%; 

(3) Al - 40%, Sn - 60%; (4) Al - 20%, 

Sn - 80%. From each alloy two or three 
photographs were obtained. 

In Fig. 1, graphs for the intensity for 
the alloy with 80% Al are drawn. Graph 1 
corresponds to an alloy at TX 600°C. On it 
three maxima at s = 2.3, 4.6 and 5.4 are 
well picked out. The first of these occupies 
an intermediate position between the main 
maxima f on the graphs for the intensity of 
liquid Al [4] and Sn [3]. Besides this on 
graph 1 a small break is seen in the region 
from 2.7 to 4.1 s. In this interval for 
values of s, on the intensity curve, the 
first maximum is placed for liquid Al, the 
second is on the curve for liquid Sn. 
Raising the temperature of the liquid alloy 
leads to noticeable changes in the curves 
for the intensity. With an increase in 
temperature (graphs 2 and 3) the first and 
second maxima are moved towards smaller 
angles and the side and third disappear. An 
analogous picture is also observed for alloys 
of other concentrations. The difference 
between them consists of the fact that on 
increasing the concentration of tin in the 
alloy film the graphs for the intensity 
approach apparently the graphs for the 
intensity of pure tin. 

The position of the maxima on the graphs 
of the intensity for all the alloys examined 
are shown in Table 1. 


af 
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FIG.1. Graphs of the intensity for an 
alloy with 80 atomic per cent Al: 


1-T~600°c, 2-T~ 700%, 3-T~ 750°, 
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TABLE 1 


Composition 


Position of the maximum 4rsin $// 


of the alloy, Temperature 


atomic % c 


_ 
— 
— 


Side II 


AIl—80 
Sn—20 


Al—60 
Sn—40 


Al—40 
Sn—60 


Al—20 
Sn—80 


NO 


—) 


2.7—4.1 


2.7—3.8 


2.7—3.7 


wh itd 


Loh HL 
ION LP O-NOND 


Comparison of the experimental curves 
of the intensity with the calculated ones, 
obtained by summing the curves of the 
intensity of liquid Al and Sn, showed that 
the closest similarity between them is 
found at a temperature close to the alloy’s 
melting point. For other temperatures the 
curves shown differ noticeably amongst 
themselves. From this it is possible to 
conclude that for a small amount of super- 
heating two sorts of packing,with the local 
order similar to the local order for pure 
liquid Al and Sn, should be present. 


FIG.2. Graphs for the atomic density distribution 


in a liquid AleSn alloy with 80 atomic per cent Al: 


a-TX 600%, b- TX 700%, c - TY 750%, 


More detailed information about the 
structure of liquid alloy films is obtained 
on analysis of the function for the atomic 
density distribution which was calculated 
for all temperatures given in Table 1. 

Fig.2a is the graph for the distribution 
of atoms in the liquid film of an alloy 
(TL 600°C) containing 80% Al. On it, two 
maxima at R = 2.7 and 3.5 A are clearly 
shown. These values correspond to the radii 
of the first co-ordination spheres in liquid 
Al and Sn. It is natural to suppose that 
the position of the first maximum gives the 
most probable distance between the Al atoms 
in the alloy, and the second - between the 
Sn atoms. Qn the graphs for the radial 
distribution of alloys of other concentra- 
tions (Figs. 3 and 4) at a temperature 
close to the melting point,maxima are 
observed chiefly at the same distances but 
their relative size varies. So with an in- 
crease in the percentage tin content of the 
alloy, the size of the maximum corresponding 
to the Al-Al linkage is reduced and at 80% 
Sn -its presence can be judged only bya 
slight rise in the graph at RY 2.75 A 
(Fig.5). 

On the graph of Fig.3, obtained from an 
alloy (60 % Al) at a temperature a little 
above the melting point, the appearance of 
an intermediate maximum is noticeable which 
corresponds to distances between different 
sorts of atom. 

The presence,in the graphs drawn,of 
maxima corresponding to linkages between 
atoms of the same sort,shows that in the 
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FIG.3. Graphs of the atomic density distribution 
in a liquid Al-Sn alloy with 60 atomic per cent 
Al; ~ 580°C, 


cn 
20000' 


10000: 


FIG.4. Graphs of the atomic density distribution 
in a liquid Al-Sn alloy with 40 atomic per cent 
Al; 540°, 


FIG.5. Graphs of the atomic density distrivoution 

in a liquid Al-Sn alloy with 20 atomic per cent 
Al; T~ 470°, 

alloy films examined at their melting point 

regions containing a preponderance of atoms 

of one sort exist. 

To ascertain what changes take place in 
the structure of liquid alloys on increasing 
the temperature, electron photographs were 
taken and graphs plotted of the distribution 
for all the alloys chosen at temperatures 
considerably higher than their melting points. 
Thus it appeared that on increasing the 
temperature of the alloy the graphs for the 
distribution underwent a noticeable change. 

If at T = 600°C in the graph of the 
radial atomic density in an alloy containing 
80% Al two maxima are clearly visible 
(Fig.2a), then at a temperature of 700°C 
(q.v. Fig.26) their intensity is considerably 
reduced; besides this a third maximum appears 
which corresponds to linkages ,between atoms 
of different sorts (R = 3.10 A). Raising 
the temperature to 750° leads to an increase 
in the intermediate maximum (q.v. Fig.2c). 
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An analogous picture is observed also in 
distribution graphs for alloys of other 
concentrations. 

Thus from a qualitative review of the 
calculated functions for the atomic density 
distribution,it follows that, for small 
amounts of superheat in the liquid films of 
Al-Sn alloys, regions exsist which consist 
chiefly of atoms of one sort, which agrees 
with the results of the X-ray photographs of 
liquid alloys [1,2]. On raising the 
temperature a gradual mixing of the 
particles occurs during which the atoms of 
both components in the liquid film distribute 
themselves more evenly.* 

In order to get an idea of the character 
of the packing of the atoms in the local 
"similar atom" regions it is necessary to 
estimate the number of nearest neighbours 
around an atom of each sort. 

Since the graph of the distribution 
corresponds to the density of "singly charged 
particles", the area under each maximum will 
be determined by an expression of the form 


(s] 
= 2C;K;K 


(2) 
where Nij- is the number of neighbouring 
atoms of sort j round an atom of sort i; i 
and j = 1,2. 


The co-ordination numbers for all the 
alloys studied, calculated with the help of 
formula (2), are given in Table 2. There 
the positions of the maxima on the graphs 
for the distribution are also given. As is 
seen from Table 2 the number of neighbours 
of the same sort round an atom of each sort, 
for small amounts of superheat, is close, 
according to its value, to the co-ordination 
number in the corresponding liquid metal. 
This indicates that the packing of the atoms 
inside the “similar atom" regions in the 
liquid alloy at these temperatures is analo- 
gous to the character of the packing of the 


* We should like to point out that the liquid 
alloys were studied by us in films of thickness 

3 x 10-5cm and therefore the results obtained may 
not correspond to the structure of liquid alloys 
in large samples, since the structure of thin 
liquid films of alloys may be linked with the 
Phenomenon of adsorption. This question will be 
exemined in the next work. 
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TABLE 2 


Composition | Temperature 


Position of the 


maximum, 


Cosordination number 


of the alloy, 6 Al 
% 


Al ; Sn Al Sn 


2.70 


GOO 


| 2.8 
| 


3,80 


particles in the pure metals. The resultsof 
Table 2 show also that with an increase in 
temperature the number of neighbours of the 
same sort is reduced and the number of 
linkages between different sorts of atoms 
increases, that is on increasing the tempera- 
ture the process of mixing the atoms takes 
place within the alloy. 


Changes in the structure of liquid Al-Sn 
alloys which take place on increasing the 
temperature are clearly seen on the graphs 
drawn in Figs. 6 and 7. 

4. In order to draw a conclusion from the 
results in Table 2 about changes in the 
structure of liquid alloys on increasing the 
temperature and the changes in the concentra- 
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0 20 80 100 lel T-Temp. 20 4O 60 8 100 170 140 T-Temp. 
FIG.6. The change in neighbours FIG.7. The change in neighbours 
of the same sort (Al-Al1) in of different sorts (Al-Sn) in 
liquid Al-Sn alloys on increasing liquid alloys on increasing the 
the temperature of superheat: temperature of superheat: 
1 - 80% Al, 2 - 60% Al, 3 + 40% A1. 1 - 80% Al, 2 = 60% Al, 3 + 40%A1. 
tion, it is necessary to estimate the error which occurs in finding the number of nearest 
neighbours. Since this last is calculated from the area under the corresponding maximum on 
the graph for the distribution, the total relative error (3,2) will be determined mainly by 
two factors 


tot + Oy 


where 6. is the error in drawing the graph of the distribution, 85 — that arising in 
dividing the area under the maximum. 


For 5. we obtained [9] the following expression: 


Si (Sora) — Si (Sor,) — [sin Sora —sin Sor,]}, 


where F is the relative error in determining the experimental graph for the intensity, ScA> _ 
is the oulehéie error in the determination of the concentration of the component A, M, and yi, 
— the average over the angles of the value of the expressions: 


S is the area under the maximum, So is the area under the cecereuenrny maximum which 
corresponds to the average density of the particles [S, = 3 (r3 Keno de In determining 


the value of 85 it was assumed that the selected maxima represented a term 4 of the form 


f,(4) = K,exp [— (r—8;)’]. 


Then the relative error in the determination of the area of the first maximum, selected by 
means of the symmetrical construction of the right-hand part of the graph, can be written as 


= F (ae,), 
x 
where, equation I here, F (x) re e-” dt, e,— is the error in the determination of the 
posisition of the maximum on the ihe peak. The error arising on choosing the second maximm 
appears to be greater and have scan signs. In that case 


Os, = F (222) + F (22,) (F [a(A’B — |es| — 221)] — 
— F + + F [2(A"} -+- 
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For bs, a comparatively unwieldy ex- 
pression is obtained which is not given here. 
The errors, calculated with the help of 
the given equations, for Sot show that the 
number of particles under the first maximum, 
corresponding to a linkage of the type AIl-Al, 

is determined with an accuracy of + 6 per 
cent. The error in the determination of the 
number of particles under the second maximum, 
corresponding to linkages between different 
sorts of atoms, varies from 30-35 per cent 
for graphs of alloys obtained at their 
melting point to 7-11 per cent for super- 
heated alloys, where the intermediate maximum 
is shown more clearly. The number of 
particles corresponding to the linkages Sn-Sn 
(the third maximum) is determined with an 
accuracy of + 6-7 per cent at "low" tempera- 
tures and t+ 10-15 per cent in superheated 
liquid alloys. 

Thus the introduction of a correction in 
Table 2 does not alter the character of the 
change, which we have determined in the 
liquid films of the Al-Sn alloys, in the co- 
ordination numbers with a change in tempera- 
ture and the concentration of the components. 

The authors express their thanks to 
Professor B.Ya.Pines for valuable comments 


made during a discussion on the results they 
obtained. 


Translated by J.H. Dempster 
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The ageing was studied of a series of Fe-Ni-Ti alloys which represent the basis of 
the spring alloys 41NkhT and 36NkhT. Approximate bouhdaries for the phase regions on 
the Fe-Ni-Ti diagram in the area covering the compositions studied were noted. It 
was shown that the hardest phase in the Fe-Ni-Ti alloys and in the typical spring 


alloys is the €-phase (Ni, Fe), Ti. 
was studied. 


Recently in instrument making a wide 
application for age hardening spring alloys 
41NKhT, 36NKhT, and others were found having 
an iron nickel base alloyed with chromium, 
molybdenum, titanium and other elements. 
Strengthening of the alloy occurs as a 
result of age hardening by the precipitation 
of a finely dispersed aggregation of 
titanium. The study of ageing processes for 
many component alloys is difficult as a 
result of the complexity of the composition 
and the absence of a phase diagram. The 
object of this research is to study the 
structural changes in iron, nickel, 
titanium based alloys in order to find out 
the dependence of the elastic properties and 
hardness on the structure, composition, heat 
treatment and deformation of the alloys. 

The following approaches were selected. 

1. The systematic study of the structural 
changes in the Fe-Ni-Ti alloys (30-42 per 
cent Ni, up to 6 per cent by weight of Ti). 

2. A study of the effect of chromium and 
aluminium on the ageing of Fe-Ni-Ti alloys. 

The existing phase diagram for the 
Fe-Ni-Ti system was constructed as early as 
1938 by Vogel and Wallbaum [1] (dotted line 
on Fig.1). According to this diagram the 
area of the y-solid solution grows on the 
introduction of titanium. However the 
boundaries of the Y - region at room tempera- 
ture are plotted on the basis of an 


* Fiz. metal. metalloved. 6 No.4, 700-705, 1958. 


The effect of chromium and aluminium on the ageing 


FIG. 1, A part of the Fe-Ni-Ti phase diagram, 
The studied alloys are marked by points. The 
dotted lines mark the phase boundaries accord- 
ing to the data given in |1|. The lines 

and AK are the phase boundaries according to 
the results from this work. 


insufficient number of experimental points 
and according to the results of only one 
microscopic analysis uncontrolled by other 
research methods. Therefore the accuracy of 
the diagram is doubtful. In connexion with 
this diagram the limit of solubility of 
titanium in the)-solid solution at 40 per 
cent by weight of Ni is approximately 6.5 
per cent by weight, which is not confirmed 
by the results of other experiments. Thus 
according to the results of Pilling and 
Talbot [2] the increase in hardness as a 
result of the age hardening of the Fe-Ni-Ti 
alloys (35-50 per cent Ni by weight) is 
observed even at 1.3 per cent by weight. 
Standard spring alloys containing 2.5 per 
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cent Ti are also age hardening [3-4]. were taken. Casting in an argon atmosphere 
The composition of the alloys studied is was done into round ingots weighing three 
given in Tables 1 and 2. Melting was carried kilograms and billets weighing one kilogram. 
out in an argon atmosphere in a five-kilogram After an homogenizing heat treatment at 1000° 
induction furnace using a basic magnesite for 6 hr, cooling at a rate of 5/0°hr and a 
crucible. As charge materials pure metals series of intermediate treatments a wire of 


TABLE 3 Les The chemical, phase composition, and the hardness of the 
ironenickel-titanium alloys. 


Content 
Series Phase composition Hardness Hp 


in weight % 


|Quench Quench |Temper at 
Ratio Ni Ti Homogenization at 700° 


° 
Fe: Ni. 1100° 1000° - 6 hr s100°. ey 


98 100 
yta+e 110 320 
Y few +a many + € 115 380 
very few t+Qmany t€ 120 450 


29 .52 
28 .97 
28.73 
28 .50 


35.18 130 140 
34.97 132 250 
34.54 3. Ytavery fewte 130 260 
33,67 | H few ta many +E 130 420 


41.56 | 120 140 
40.87 | | 260 
40.00 130 310 
40.14 140 340 


IV 43,37 120 130 


56: 44 42 y+e | 140 280 
40.88 | 130 280 


* The content of the remaining elements: C < 0.04%; Al < 0.1%; 
Si < 0.1%; Mn - traces, Fe - the remainder. 


TABLE 2. The chemical composition of the alloys 
containing chromium and aluminium. 


Content in weight %.* 


Alloy 


number Series 


VI 


12.59 


* The content of the remaining elements: C < 0.04%; 
si <0, 1%; Fe - the remainder. 
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— 
| I | 0.60 
2 2.65 
3 70: 30 4.13 
4 5.00 
5 I | 
6 
JOL. 7 | 64:36 | 
6 8 
9 III | 
10 | 
1] 58: 42 
12 
| | | | | 
13 
14 
15 
16 
Ni | Ti | Sr | Al 
17 36.6 3.13 5.56 | <Q 
18 36.1 3.45 8.67 <0.1 
19 35.9 3.49 12.23 <0,1 
20 36.4 4.51 12,42 
21 36.1 3.00 inti 0.53 
22 = 36.6 3.96 1 26 
93 36.7 3.79 on 2.51 
24 36.2 3.81 0.68 
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diameter 0.8 mm and a sheet with different 
degrees of deformation were obtained. 


EXPERIMENTAL METHOD 


X-ray experiments included: 

(a) the phase analysis of the alloys and 
the precipitates of the strengthening phases 
being formed, obtained electrolytically. 

(b) a precision measurement of the lattice 
parameter of the solid solution. 

For the phase analysis wire samples were 
taken which, after heat treatment, were 
drawn from a diameter of 0.8 to one of 0.5m, 
For precision measurement of the lattice 
parameter the reciprocal lattice method was 
employed using an X-ray tube with a manganese 
target. The line (311) with an angle of 
reflection 6 = 76-77° is focussed, which by 
producing fine lines ensures an accuracy of 
+ 0.0003 kX. If before tempering the alloy 
was deformed, then the lines on the X-ray 
photograph of the samples tempered up to 
temperatures of 700° remained broadened, 
which fact reduced the accuracy of the 
measurement of the lattice parameter. Heat 
treatment of the samples was carried out in 
evacuated quartz ampoules. Heat treating in 
the following way: heating at 1100° - soak for 
15 min, quench in water - ensures the 
fullest solution of the intermetallic 
compounds in the solid solution. 

The hardness, tensile strength, elastic 


modulus and magnetic properties were measured, 


and the microstructure was also studied. 


EXPERIMENTAL RESULTS 


(1) A study of the ageing of the three 
component Fe-Ni-Ti alloys. 

Results of the X-ray phase analysis are 
shown in Table 1. The results of the 
magnetic analysis confirm the presence of a 
magnetic @- phase in annealed samples of the 
I and II series. On increasing the titanium 
content the tendency of the alloys toward 
ageing rises sharply which is indicated by a 
change in the lattice parameter and the 
hardness. The microstructure of the alloys 
in the quenched state is characteristic of 


a Y-solid solution (Fig. 2a). 

After the homgenizing treatment or temper- 
ing a lamellar precipitate of the intermetallic 
compounds occurs (Fig. 2b- cc), and the degree 
of decomposition of the solid solution rises on 
increasing the titanium content of the alloy. 


195 


FIG.2. The microstructureof Fe-Ni-Ti alloys (melt 7). 
@ = 1100° for 15 min + quenched in water x 400: 

b = homogenized at 1000° for6hr- cooled at 50°/hr x 
300: C- water quenched from 1100°+tempered at 700° - 

4 hr x 400: d- the samex 880°: €- water quenched from 
1100° + deformation of 40%+temper at 700°-4 hr x 400, 


The precipitates after tempering 
are dispersed more than after the hom- 
genization and their lammellar structure can 
be distinguished only when it has grown a 
great deal. (Fig. 2d). The normal orienta- 
tion for the lamellae of the intermetallic 
compounds (€- phase) in the grains of the 
solid solution are seen. The lamellae of the 
hexagonal € - phase separate out onto the 
octahedral planes of the face centred cubic 
lattice of the solid solution. 

According to the results of the chemical 
phase analysis the precipitated phase 
includes a small quantity of carbides and 
intermetallic compounds containing about 25 
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atomic per cent Ti, nickel and a certain 
quantity of iron. X-ray analysis of all the 
alloys examined shows that in the precipi- 
tated phase there is an insignificant 
quantity of the carbide TiC and the € - phase 
- the intermetallic compound Ni Ti, and a 
compound of iron is absent. Therefore, from 
a comparison of the results of the X-ray and 
chemical phase analyses one may conclude 
that a certain quantity of iron replaces the 
nickel atoms in the compound Ni ,Ti, that is 
the strengthening phase is (Ni,Fe),Ti, having 
an hexagonal lattice with parameters 

a = 5093 kX, c = 8.276 kX, c/a = 1,625. 

On the basis of the results of the phase 
analysis, approximate limits are drawn for 
the phase regions on the Fe-Ni-Ti phase 
diagram over the area covered by the compo- 
Sitions examined (q.v. Fig. 1, the lines AK 
and AC). According to our results the area 
of the Y- solid solution is considerably 
narrower (bounded by the line AK) than it 
was on Vogel and Wallbaum’s diagram (the 
region ABCD). The region for alloys capable 
of undergoing age hardening begins at a 
considerably lower titanium content. The 
intermetallic compound Fe,Ti (phase 6, in 
the region of the compositions examined is 
absent. In alloys containing up to 40 per 
cent Ni by weight y ~ a changes are observed 
for titanium contents which grow with an 
increase in the percentage nickel in the 
alloy (line AC, Fig. 1). There exists a 
three phase region Y + a + € which was 
absent in Vogel and Wallbaum’s diagram. 

Deformation before tempering greatly 
increases the amount of precipitate on ageing 
and refines the structure of the precipitated 


TABLE 3 


phase (Fig. 2e, Table 3). 

The kinetics of the ageing process were 
studied for alloy 7, close in composition 
to the basis of a typical spring alloy 
36NKhT. The laws in the changes in hardness 
and other properties for alloy 7 coincide 
with the laws obtained in alloy 36NKhT. The 
maximum hardness and yield point are 
obtained on tempering at 700° 4 hr. This 
is indirect confirmation of the fact that in 
complexly alloyed normal spring alloys on 
the Fe-Ni-Ti basis the same processes occur 
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Ageing in spring alloys 


as those in the pure iron, nickel, titanium 
alloys, i.e. ageing occurs with the separa- 
tion of the € - phase (Ni, Fe) ,Ti. 

(2) A study of the effect of chromium and 
aluminium on the ageing of iron, nickel, 
titanium alloys. Chemical and X-ray analyses 
showed that in alloys containing aluminium 
the hardening phase is the same € - phase 
(Ni,Fe),Ti. Aluminium enters the solid 
solution and dissolves insignificantly in 
the €-phase. Aluminium does not form any 
independent phase in the alloys of the 
composition examined. The chemical analysis 
of the hardening phase in alloys containing 
chromium was not carried through since 
chromium makes the alloy corrosion resistant 
and impedes the separation of the precipitate 
electrolytically. 

The type of change in hardness with 
tempering temperature for alloys containing 
chromium and aluminium is the same as that 
for alloy 7 (a ternary Fe-Ni-Ti alloy), but 
aluminium increases and chromium decreases 
the maximum hardness obtained on ageing 
(Fig. 3). Study of the microstructure and 
precision measurement of the lattice 
parameter of the solid solution showed that 
chromium coarsens the structure of the 
precipitated phase and reduced the degree 
of decomposition of the solid solution and 
leads to uniform distribution of the € - phase 
Aluminium on the other hand increases the 
dispersion of the precipitated phase, 
increases the degree of decomposition of the 
solid solution in spite of the fact that the 
hardening phase is distributed at the grain 
boundaries of the solid solution. The 
simultaneous introduction of chromium and 
aluminium leads to the € - phase distributing 
itself over the whole volume of the solid 
solution and is completely dispersed. 
Chromium and aluminium increase the modulus 
of elasticity of the alloy. 


CONCLUSION 


As a result of the research carried out 
approximate limits were drawn for the 
regions of age hardening alloys on the iron, 
nickel, titanium phase diagram. It is show 
that a very narrow region of Y- solid 


solution exists. The phase which separates 
on the ageing of iron, nickel, titanium 
alloys of all the compositions studied and 
also of the typical spring alloys 36NKhT 

and 41NKhT, is the € - phase - an intermetallic 
compound (Ni,Fe),Ti. In alloys with a 

nickel content of up to 40 per cent the Y-a 
transformation is observed. 

Deformation before tempering sharply 
accelerates the ageing process, refines the 
precipitated phase, increases the decomposi- 
tion of the solid solution and ensures the 
attainment of an higher tensile strength and 
a greater hardness. 

Introduction to the alloy (with 36 per 
cent nickel and 3.5 per cent titanium) of 
chromium and aluminium does not alter the 
nature of the hardening phase. Chromium 
decreases slightly and aluminium strongly 
increases the maximum hardness which can be 
obtained as a result of tempering. 

Simultaneous introduction to an iron, 
nickel, titanium alloy (with 36 per cent 
nickel) of about 12 per cent chromium and 
0.7 per cent aluminium leads to a refinement 
of the € - phase and to an increase in the 
maximum hardnees obtained as a result of tem- 
pering. With the aim of increasing the 
tensile strength, hardness, and modulus of 
elasticity of the spring alloy 36NKhT it is 
necessary to increase its aluminium content 
by 1.5 per cent by weight with a chromium 
content of 12 per cent by weight. 


Translated by J.H. Dempster 
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TEMPERATURE DEPENDENCE OF THE SHEAR MODULUS OF CERTAIN 
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Research was carried out on the temperature dependence of the comparative values of 
the shear modulus of titanium, iron, cobalt, nickel, molybdenum, in the stable phases: 
beryllium, boron, carbon, titanium, chromium, manganese, iron, zirconium, niobium, 
molybdenum, tungsten, in nickel, and the nickel based alloys (nimo and nimonic) by the 
method of low frequency torsional oscillations of low amplitude 7. 91. As a measure of the 
relative value of the shear modulus Jj the square of the frequency of the free torsional 
oscillations was taken for a wire sample 300 mm long and 0.7 mm in dia. This possibility 
arises from the fact that, as is known, the shear modulus is linked with the frequency of 


free torsional oscillations of small amplitude by the relation 


rt 


where 1 is the length of the sample, r-is the radius of the sample, I is the moment of 
inertia of the twisting system, f is the frequency of the free torsional oscillations of the 


At constant /,r and I the shear modulus is proportional to the square of the 
The frequency of the free oscillations was of the order of 


sample. 
frequency of the oscillations. 


one hertz.(one c/s). 
Samples are prepared from pure metals (Table 1), alloys (Table 2) and stable phases. 


TABLE 1. 


‘ 

| | Annealed 1m vacuo 

Purity ,% of true an 


Metal 
| Tonperg- | Time, 


| ture, 


* Titanium was compressed at 700°C, the rest of the metals 
at room temperature, 


* Fiz. metal. metalloved. 6, No.4, 706-716, 1958. 
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TABLE 2 


Chemical composition % Anneal in 
Method of | * of weapons 
density|Tempera-| Time, 
ture minutes 


| preparation 
Mo Ni | Fe 
| 


20 ~60 | 4 | 51 1100 10 

90 ~b60 ; Sintered 51 1100 10 

28 ~67 | : » 51 1100 10 

28 ~67 | Melted 51 | 1100 10 


* For heat treatment and composition q.v. [3]. 


TABLE 3 


Stable Saturated in vacuo Content | Anneal 
solution | of element 
(solvent | %® by 


first). ture, C ture, ~C 


1000 
900 
900 
900 
GOO 
YOU 


Ni—Be Yo) 
Ni—-B 1000 
Ni—B 1000 
Ni—C 
Ni—C 1030 
Ni—Ti ! 1030 
Ni--Ti 1010 
Ni--Cr 1040 
Ni—Cr 1040 
Ni—Mn | 1020 
Ni—Mn | 1020 
Mi—Fe | 1000 
Ni—Fe 1000 
Ni--Zr | 1000 
Ni—Zr 1 00U 
Ni—Nb 1000 
Ni—Nb 1000 
Ni—Mo 1000 
Ni—Mo | 1030 
Ni—W | 
Ni--W 1030 


Shs 


4 
5 
2 
8 

°/ 

8 

5 

8 


to 


OSH 


The stable solutions (Table 3) were Moscow Institute of Non-ferrous Metals and 
obtained by means of saturating a nickel Gold, the factory "Electrostal’". 
wire with the powdered element at a high 
temperature in a special vacuum furnace. RESULTS OF MEASUREMENTS 

The pure metals, alloys and powders for 
saturation were kindly supplied by the The results of the measurements of the 
Moscow Research Institute of Giprotsvetmeto- temperature dependence of the shear modulus 
brabotka (Non-ferrous Metal Refining), the of pure metals is shown in Figs. 1,2,3 and 
Leningrad Institute for the Refining of 4, of stable solutions - in Figs. 5,6,7,8,9, 
Nickel, the Institute of Metal Physics the and 10, of alloys in Fig. 5. 
Gentral Institute for Research into Ferrous Pure metals. In Fig. 1, is shown the tem- 
Metals, the Moscow Steel Institute, the perature dependence of the shear modulus 
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(graph I) and the internal friction (graph 
II) of the annealed iron. As is seen from 
the graph in the temperature region from 
20-440°C the shear modulus decreases almost 
linearly. Beginning at 440°C the shear 
modulus changes sharply in value. A small 
rate of change of slope for the temperature 
dependence of the modulus occurs at a tempera- 
ture of 490°C where a maximum for the inter- 
nal friction is also situated (graph II). In 
the region 760-780°C a new but insignificant 
change in the graph for the temperature de- 
pendence of the modulus is observed. 

In Fig. 2, (graphs I and I’) is shown the 
temperature change of the shear modulus of 
annealed cobalt. The shear modulus both on 
heating and on cooling changes basically in 
the same way. The shear modulus of a sample 
on heating shows a small maximum at 450°C; 
the shear modulus here is bigger than the 
shear modulus for the sample on cooling (at 
the same point) by 6.4 per cent. The shear 
modulus on cooling also shows a maximum (at 
320°) the size of which is 3.5 per cent times 
bigger than the shear modulus of the sample 
An analogous 


on heating (at 320°C). 
"hysteresis" in the temperature change is 
also observed for the internal friction 
(graphs II and II’). 

In Fig. 3, is shown the temperature 
dependence of the shear modulus (graph I) and 
the internal friction (graph II) of annealed 


nickel. In the temperature region from 20- 
340°C the shear modulus has an anomalous 
behaviour and in the temperature region from 
140-160°C it has a minimum value which is 
15.3 per cent smaller than the shear modulus 
at room temperature and 11.7 per cent smaller 
than the shear modulus at 340°. In the 
temperature region from 340-800°C the shear 
modulus behaves in the same way as the shear 
modulus of other polycrystalline metals. 
Finally, in Fig. 4 is shown the tempera- 
ture dependence of the shear modulus of 
titanium (III), molybdenum (IJ), and tungsten 
(I). The way in which the shear modulus of 


drop in the modulus is observed, on the 
graph of the temperature dependence of the 


internal friction, a point of inflection is 


seen instead of a maximum as is found for 
the internal friction of iron and nickel. 


Square of frequency f2 


Square of frequency f2 


Stable solutions. 


T 
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FIG.1. The temperature dependence 
of the shear modulus (1); the in- 
ternal friction (II) of polycry- 
stalline iron; Temperature varia- 
tion of the shear modulus of 
monocrystalline iron (III, IV). 


160 


° 
Temperature, C 


FIG.2,. Temperature dependence of 
the shear modulus ([-heating, [’- 
cooling) and internal friction 
(II, II’) of polycrystalline 
cobalt. 


Internal friction Q. 104 


Internal friction Q. 104 


In Figs. 5,6,7,8,9,10 are 


shown the results for the measurement of the 
temperature dependence of the shear modulus 
of stable solutions of beryllium, boron, 

carbon, titanium, chromium, manganese, iron, 


these metals changes with temperature 
reminds one of the way in which the shear 
modulus of iron changes with temperature. In 
the temperature region where the sharpest 
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FIG.3. Temperature dependence of FIG.4. Temperature dependence 

the shear modulus (J) and internal of the shear modulus of titanium 

friction (II) of polycrystalline (III), molybdenum (II) and tung- 
nickel. sten (J). 


Square of frequency f2 


320 480 


° 
Temperature, C 


FIG.5. Temperature dependence of the shear modulus of pure nickel (J), 

a stable solution of beryllium in nickel (JJ - slow cooling), nimo alloy 

(III - nimo-20 meited, JV - nimo-20 sintered, V - nimo-28 melted, VI - 
nimo-28 sintered, VII - nimonic-80 alloy). 
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zirconium, niobium, molybdenum and tungsten 
in nickel. For all the enumerated stable 
solutions the following are characteristic. 

1, The anomaly in the behaviour of the 
shear modulus of pure nickel in its depen- 
dence upon temperature is considerably reduced 
or completely disappears on the introduction 
of an element into the nickel lattice. 
Beryllium, boron, carbon, titanium, chromium 
and iron have a considerable effect on the 
anomaly, manganese, zirconium, niobium, moly- 
bdenum and tungsten - a smaller effect. 

2. The mean temperature coefficient of the 
shear modulus (8 = 1/G x dG/dT) of the stable 
solutions is smaller than that of pure nickel. 

3. The value of the shear modulus for a 
wide range of temperature is considerably 
larger for stable solutions than for pure nickel. 
Alloys. In Fig. 5, is shown the temperature 
dependence of the shear modulus of the nimo 
(graphs III-VI) and the nimonic - 80 (graph 
VII) alloys. As is seen from the diagram 
the shear modulus depends not only on the 
alloy composition (an alloy with 28% Mo has 
a larger value of the shear modulus at all 
the temperatures of measurement than an 
alloy with 20% Mo), but also on the method 
of preparation: an alloy obtained by sin- 
tering has a larger value for the shear 
modulus at all temperatures of measurement 
than an alloy of the same composition 
obtained by melting. Nimonic - 80 has 
approximately the same value for the shear 
modulus and the temperature coefficient as 
the nimo alloys prepared by sintering. 


DISCUSSION OF THE RESULTS 
OF THE MEASUREMENTS 


Pure metals. The shear modulus of the 
monocrystalline metals, as experiment [4-7] 
and theory [5] shows, decreases linearly with 
increasing tumperature. The linearity of the 
temperature dependence of the shear modulus 
is sharply broken only close to the metal’s 
melting point [8]. Pure polycrystalline 
metals, as is seen from Figs. 1,2,3, and 4, 
also experience a decrease in the shear 
modulus with an increase in temperature. 
However, the temperature variation of the 
modulus has a series of peculiarities. The 
reduction of the shear modulus of pure 


metals with increasing temperature is 
connected with its thermal expansion on one 
side and the total increase in the thermal 
energy of the vibrating atoms in the lattice 
on the other. Both factors lead to a reduc- 
tion in the stability of the lattice towards 
shear [9,10]. 

If 5, denotes the temperature coefficient 
of the shear modulus for the pure metal, 
depending on the thermal expansion of the 
lattice, and Ar denotes the temperature 
coefficient, depending on the increase in 
the lattice thermal energy, then the shear 
modulus Gp of a monocrystalline metal at 
some temperature T°K can be written as 


G, = Go[1 +(8, + 8,)- 7), (2) 


where G) is the shear modulus at absolute 
zero. For the majority of metals, excluding 
nickel and other metals undergoing allotropic 
changes, the coefficients Bq and Br represent 
values, independent of temperature, but 
dependent on other parameters, which determine 
the mechanical properties of a metal at a 
given temperature. 

As is seen in Figs. 1,3,4, a noticeable 
deviation from the linear variation of the 
shear modulus of iron, titanium, molybdenum, 
and tungsten (aluminium, copper (7]) is 
observed at temperatures at which the 
maximum internal friction or the point of 
inflexion is determined by the viscous flow 
at the grain boundaries [4,11]; here the 
modulus rapidly decreases or, as they say, 
relaxes. For example, the relaxation of the 
shear modulus for iron (at 560°C) is 
approximately 19.4 per cent. Thus the 
initial abrupt decrease in hardness (in the 
temperature region in which the maximum of 
internal friction or the point of inflexion 
lies) can be accounted for by the relaxation 
of the stresses at the grain boundaries. 
However, as is seen from Figs. 1,3 and 4, the 
shear modulus of a polycrystalline metal does 
not change collaterally with the shear 
modulus of a monocrystalline one (along the 
line IV, Figs. 1,3), but experiences a 
further deviation from linearity, characteris- 
tic of a monocrystalline metal. Further 
relaxation of the shear modulus is linked with 
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other phenomena which show themselves 
noticeably at high temperatures. Such a 
phenomenon could be the migration of atoms 
in the lattice under the influence of a 
field of stress created by an external force 
which displays itself especially at high 
temperatures [11]. 


shear modulus at 340°C), if the straight 
line III of Fig. 1, is taken as the tempera- 
ture variation of the shear modulus of mono- 
crystalline iron. 

From the numbers (and diagrams) given it 
is apparent that the relaxation of the shear 
modulus caused by slipptng at the grain 
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of pure nickel (IJ) and stable solutions of molybdenum 
(II - 0.46% Mo, III - 0.86% Mo) and tungsten (IV - 
1.35% W, V - 1.54% W) in nickel. 


Thus the shear modulus of polycrystalline 
pure metals may be represented by 


G,=Go[1-i-(8, +8, +B,)-T], (3) 


where By is the temperature coefficient of 
the shear modulus, determined by the 
different relaxation phenomena which are 
especially noticeable at temperatures close 
to the temperature of recrystallization of 


the pure metal and higher. For instance, for 
polycrystalline iron the complete relaxation 
of the shear modulus at 800°C will be of the 
order of 45 per cent (from the value for the 


boundaries composes approximately half of 
the total relaxation of the shear modulus of 
a polycrystalline metal. 

In Figs. 2 and 3 we see that the shear 
modulus of nickel and cobalt behaves some- 
what singularly compared with the shear 
moduli of titanium, iron, molybdenum and 
tungsten. This singularity demands explana- 
tion. 

From Fig. 3, it is seen that the shear 
modulus of pure annealed polycrystalline 
nickel in the temperature region from 20- 
360°C displays anomalous behaviour, and in 
the region from 350-800°C - normal behaviour, 
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characteristic of all the polycrystalline 
metals studied up till now. At present one 
can hardly doubt that the anomaly in the 
behaviour of nickel’s shear modulus on 
heating is fundamentally linked with the 
ferromagnetic state [12]. Such an idea is 
confirmed straight away by the fact that the 
anomaly in nickel’s shear modulus disappears 
at 360°C (the Curie Point for nickel), and 
by the fact that the anomaly is removed 
(graph V, Fig. 3) if measurements of the 
modulus are carried out in a magnetic field 
at saturation (H = 500 oersted) [12]. The 
anomalous behaviour of the modulus of 
elasticity was forecast and explained in the 
work [13] on the basis of the concept of 
mechanical strictions. 

In direct connexion with mechanical 
strictions is found the phenomenon of the 
variation of the modulus of elasticity of 
ferromagnetic metals in a magnetic field, 
which carries the name of the AEeffect 
[15,22]. An analogous effect also takes 
place for the shear modulus G, on the 
strength of a simple connexion between the 
moduli E and G. 

The anomaly in the temperature dependence 
of the moduli may be more or less satisfac- 
torily explained by the presence of the A E 
and AG effects. [15,22]. 

Let us consider the temperature dependence 
of the shear modulus of cobalt. 

As is seen from Fig. 2, the shear modulus 
of cobalt varies in entirely its own way in 
its dependence on the temperature of measure- 
ment. Such originality can be explained by 
the change from one form of cobalt to 
another (Cog % Co,) which occurs on heating 
and cooling. It is considered [16,17] that 
the temperature at which Cog changes into 
Co, on heating lies at about 430°C and the 
temperature at which the reverse change occurs 
is ~ 360°C. The difference in the tempera- 
ture for the change on heating and cooling 
("hysteresis") mainly depends on the purity 
of the metal and the rate of cooling, and may 
for cobalt reach 200°C [17]. 

On heating, the shear modulus quickly 
decreases reaching a minimum value at approxi- 
mately 420°C. This drop in the modulus (apart 


from all the other reasons discussed above) 
is connected with a decrease in the stability 
of the lattice at these temperatures. The 
appearance of a new, more siable form of Co~ 
will be marked by a sharp local (over a 
small temperature range) increase in the 
shear modulus. The reverse change (Co, to 
Co 8) on cooling is evident to a lesser 
extent in virtue of the considerable compen- 
sating effect of a reduction in temperature 
on the modulus. 

The allotropic change Cog 5 Co, is also 
reflected in the variation of the internal 
friction with change in temperature. [18]. 


Stable solutions and alloys. Analysing the 
experimental results obtained we came to the 
conclusion that the shear modulus of the 
stable solutions we had studied, especially 
the alloys, was greater than that of pure 
nickel (a similar rule is observed for many 
metals and their alloys [19]) but the average 
temperature coefficient of the shear modulus, 
on the other hand, was smaller. The basic 
reason for an increase in the shear modulus 
evidently lies in a rise in the stability of 
the binary (or more complicated) lattices 
concerning the shear [9]. A fall in the 
temperature coefficient of the shear modulus 
for alloys and stable solutions can be 
explained in the following way. For pure 
metals, the temperature dependence of the 
shear modulus for alloys can be expressed in 
the form 


T/, (3) 


where Ay . Br and B, have the same meaning as 
for pure metals but depend not only on the 
nature of the alloying metals but also on 
the composition of the alloy. 

It is known [11] that the maximum of the 
internal friction for pure metals caused by 
viscous flow at the grain boundaries for 
stable solutions and alloys arises at the 
point of inflexion or is completely absent. 
This indicates that in alloys and stable 
solutions shear along the grain boundaries 
is obstructed. As a result of this there 
will be a drop in the coefficient B,. The 
migration of atoms in the lattice in a stress 
field [11] as a result of a rise in the heat 
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of activation # (for pure nickel it is “8500 
cal/mol, and for nimo alloy 36,000 cal/mol) 
also becomes mre difficult than in pure 
metals. This finds its reflection in a 
further reduction in the temperature 
coefficient £.. 

Thus for stable solutions and alloys the 
temperature coefficient A, should be 
considerably smaller than for pure metals. 

Numerous experiments [12, 20] show that 
the coefficient of expansion for stable 
solutions and alloys is always lower (if 
there are no phase changes in the interval 
of temperature studied) than the coefficient 
of expansion calculated according to the rule 
of addition. The coefficient of thermal 
expansion for beryllium, boron, carbon, 
titanium, chromium, iron, niobium, molybdenum 
and tungsten is smaller than that for pure 
nickel (a * 13.5 x 10 degree ~! (21). 
Consequently the stable solutions of these 
elements in nickel should possess an even 
smaller coefficient of thermal expansion 
than pure nickel. A reduction in the 
coefficient of thermal expansion leads to a 
reduction in the temperature coefficient of 
the shear modulus §,. The temperature 
coefficient Br, connected with an increase 
in the thermal energy of the lattice is, 
apparently smaller than all the other 
coefficients undergoing change, since the 
character of the thermal vibrations of the 
atoms in the stable solutions (especially 
with small quantities of solute elements) 
will differ slightly from the character of 
the thermal vibrations of the atoms in a 
pure metal. 

From what has been said it is possible to 
conclude that the average temperature 
coefficient 8 of the shear modulus for nickel 
based stable solutions and alloys (and 
apparently for other alloys) should be 
smaller than for pure nickel. 

In conclusion the author expresses his 
thanks to assistant A.Ia. Samoilova for a 
series of confirmatory measurements and the 
formulation of results graphically. 


Translated by J.H. Dempster 
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MECHANICAL PROPERTIES OF NICKEL-COPPER ALLOYS* 
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The changes of mechanical properties were investigated as dependent on temperature 
and rate of deformation of pure nickel and nickel alloys with 10, 20, 40, and 60 per 


cent copper. 


It was demonstrated that the non-uniform distribution of admixtures in 


the solid solution as well as diffusion processes play an important role in the strain 


hardening of the alloys. 


INTRODUCTION 


As it is known, the mechanical properties 
of metals and alloys are determined by the 
interatomic binding forces and the special 
structure of sub-microscopic crystal areas 
[1]. With the object of studying the role 


of the binding forces and the static 
distortions of the crystal lattice which 
arise on solution of the atoms of the alloy- 
ing elements, a series of investigations 
were conducted into the behaviour of alloys 
under load. 


In the preceding work, alloys of 
aluminium with magnesium were studied by us 
in order to establish the influence of the 
static distortions of the crystal lattice 
on the mechanical properties [2]. The 
study of the interatomic binding forces and 
of the statistic distortions in these alloys 
has shown that the binding forces virtually 
do not change with variation of the composi- 
tion within the limits of the solid solution, 
whereas the static distortions increase with 
increase in magnesium content [3,4]. The 
static distortions depend very little on 
temperature, practically not changing in the 
investigated temperature range from - 196 to 
200°c [5]. 


As investigations have shown, in these 
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alloys the yield strength, the ultimate 

tensile strength and the strain hardening VOL 
coefficient grow with increase in concentra- 6 
tion of the solid solution [2]. The 

stability of the alloys is raised when 

stressed by relaxation (6). Besides, 

diffusion processes occur during the 

deformation process which lead to a non- 

monotonous dependence of the mechanical 

properties on temperature and rate of 

deformation. These diffusion processes 

infer inhomogeneous distribution of magnesium 

in the solid solution, which, on the other 

hand, is accompanied by complication of the 

elementary process of diffusion and by 

increase in recrystallization temperature [7]. 


Alloys of nickel with copper were 
selected with the object of studying the 
influence of the change of binding forces on 
the mechanical properties of the alloys. It 
was to be expected, that the static distor- 
tions of the crystal lattice would be rather 
small in these alloys, but that the binding 
forces would be heavily dependent on the 
concentration of the solid solution. X-ray 
investigations and measurements of the depen- 
dence of the modulus of elasticity on 
temperature have show that the characteris- 
tic temperature and the modulus of elasticity 
markedly decrease with rise in concentration 
of the solid solution [5,8]. The static 
distortions of the crystal lattice at room 
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temperature increase with increases in 
concentration of the solid solution up to 
40 per cent copper, but thereafter they fall 
with further increase of copper content. The 
static distortions, however, very heavily 
depend on temperature; they become nearly 
double the value at the temperature of 
liquid nitrogen, and grow with increase in 
temperature 


MATERIALS AND METHODS 
OF INVESTIGATIONS 


Electrolytic nickel of mark NOOOO with 
99,99 per cent purity of nickel served as 
base material, as well as electrolytic 
copper with the total quantity of impurities 
not exceeding 0.05 per cent of this 0.02 per 
cent was oxygen. In order to degas, the 
nickel and copper were preliminarily remelted 
in vacuo at 10°5 mmHg. The alloys were 
manufactured in vacuo. Ingots were forged 
to bars 10 x 10 m and thereafter rolled to 
5x 5m. After that they were drawn at 
room temperature with an intermediate anneal 
in vacuo, The final anneal of the specimens 
was carried out at previously scheduled 
temperatures, so as to obtain uniform grain 
size for all alloys, i.e. 0.1 mm. 

Specimens were prepared in form of wire 
with about 1 mm diameter and 55 mm fength. 
The specimens were pulled on a machine 
previously described [9,2], with variation 
of temperature from - 196 to 700°C, and with 
change in deformation rate of as much as 
1000 times. 


RESULTS OF THE INVESTIGATIONS 


In Figs. 1, 2, and 3 the curves are given 
of the dependence of the yield strength on 
temperature, at three pulling rates for pure 
nickel and nickel alloys with 10, 20, and 40 
per cent copper, and at one pulling speed 
for the alloy with 60 per cent copper. From 
the figures it can be seen, that for pure 
nickel a very slight dependence of the yield 
strength on temperature is characteristic 
approximately up to 600° K, but thereafter 
it is greater. The change of the yield 
strength at temperatures above 600° K 


Proceeds approximately to an exponential 
law (Fig. 4). It can easily be demonstrated 
that the dependence of the yield strength on 
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Fig.1. Dependence of the yield limit on tempera- 

ture at a pulling speed of 2.1074 cm/sec: 1=Pure 

nickel; 2-+Nickel with 10% copper; 3-+ Nickel 
with 20% copper; 4 - Nickel with 40% copper. 
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Fig. 2. Dependence of the yield limit on tempera- 
ture at a pulling speedof6-4x10°3 cm/sec: 1 - Nickel 
with 10% copper; 2 + Nickel with 20% copper; 3 - 
Nickel with 409% copper; 4- Nickel with 60% copper. 


temperature at lower temperatures, is mainly 
determined by alteration of the binding 
forces with temperature. In Fig. 5 the 
Proportion of the yield strength and modulus 
of elasticity is plotted. It is well to be 
seen from the figure that this proportion 
virtually does not depend on temperature, up 
to 600° K. For the nickel monocrystal a 
slight dependence on temperature of the 
yield strength is observed in a wider 
temperature range. This can clearly be seen 
from Fig. 5, where the curve is given of the 
dependence on temperature of the proportion 
of the critical shear-stress and the modulus 


135 
| 


Mechanical properties of nickel-copper alloys 


of elasticity of the nickel monocrystal, In the alloys, a non-monotonous change of 
according to data in work [10]. A low the yield strength as dependent on tempera- 
dependence on temperature of the yield ture is also observed. Two maximum values 
strength of pure metals in a rather wide of the yield strength exist: in the range 
temperature range was recently observed on of low temperatures, i.e. about 200° K, and 
aluminium [11, 2], copper ]12], and gold in the range of high temperatures. The 

[10], and is, apparently, a pecularity of value and the position of these maxima 

metals with cubic-centered lattice. depend on the composition of the alloy and 


on the rate of deformation (compare Figs. 1, 
© b 
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Fig.3. Dependence of the yield limit on tempera- 
ture at a pulling speed of 2x10°1 cm/sec: 1 - 
Nickel with 10% copper; 2-+ Nickel with 20% copper; 
3 - Nickel with 40% copper. 
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Fig.6. 1-=+Nickel with 10% copper; 2-Nickel 
Fig. 4. with 20% copper; 3-=-Nickel with 40% copper. 


2, 3). In the low-temperature range, an 


Alloys of nickel with copper have a 


higher yield strength: Its value grows up increase of the yield strength of pure 

to 40 per cent copper, but thereafter it nickel can be noted. 

falls (Fig. 2). With all the alloys, a The value of the ultimate tensile 

more pronounced dependence of the yield strength, generally speaking, increases in 
strength on temperature is observed, which alloys with up to 40 per cent copper, but 
can not be explained by the change of binding falls with further increase in concentration. 
forces with temperature. On Fig. 6, the At a more careful study of the stress-strain 


diagram, however, it is to be found that the 
increase of the ultimate tensile strength 
occurs mainly at the expense of the increase 
of the yield strength. If the stress-strain 
diagrams were drawn so that the yield 
strength was situated in the origin of the 
co-ordinates, one could easily notice that 


change of the proportion of the yield 
strength and the modulus of elasticity is 
given as dependent on temperature, for three 
alloys which were subjected to pulling at 

the same speed. One can easily see from the 
figure that this proportion depends rather 
heavily on the temperature of the deformation. 
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the increase of the deforming stresses at 
the expense of the strain hardening on 
deformation, is smaller with the alloys than 
with the nickel (Fig.7). 


Fig.7. Stress-strain diagram at room 


temperature; 1-Pure nickel; 2=- 
Nickel with 10% copper; 3-Nickel 
with 20% copper; 4=Nickel with 40% 
copper; 5-Niakel with 60% copper. 
The yield limits in the diagram are 
superimposed. 


It should be emphasized that in the whole 
temperature range investigated, with the 
alloys both a well marked upper yield 
strength and portion of plastic flow was 
observed (Fig.8). 


DISCUSSION OF RESULTS 


As was pointed out above, in alloys of 
nickel with copper the interatomic binding 
forces decrease with increase in concentra- 
tion of the solid solution, whereas the 
static distortions of the crystal lattice 
decrease rapidly with increase of temperature, 
though they have a considerable extent at 
room temperature and at even lower tempera- 
tures. 

From this it follows, that the strain 
hardening of the solid solutions of nickel 
with copper cannot be explained by the change 
of the interatomic binding forces and the 
change of the static distortions of the 
crystal lattice with the composition of the 
solid solution. The changes of the inter- 
atomic binding forces and of the static 
distortions of the crystal lattice, 


apparently, have an effect on the conduct of 
the alloys under stress. Besides these 


influences, however, other ones are also 
acting which in many cases are even more 
effective than the first ones. 

The data obtained in the present work are 
by no means sufficient to establish all 
factors which determine the behaviour of the 


Fig.8. The first section of the tensile- 
stress-strain diagram of the nickel alloy 
with 40% copper at room temperature. 


alloys under stress. A number of experi- 
mental data (17, 29, 30], however, show that 
the non-uniform distribution of atoms in the 
solid solution occurring on annealing as well 
as during deformation, is most likely one of 
the reasons for the strain hardening of the 
alloys of nickel with copper. 

In the preceding investigations of the 
mechanical properties, the stress relaxation, 
and the internal friction in alloys of 
aluminium with magnesium, it was shown that 
the non-uniform distribution of the alloy 
admixtures in the solid solution upon plastic 
deformation, apparently leads to a delay of 
the diffusion processes, an increase in 
recrystallization temperature, and an increase 
of relaxation strength (2, 6, 7]. The 
formation of clouds of atoms around the 
dislocations can be one of the reasons of the 
increase of the yield strength. Finally, the 
enrichment of the grain boundaries with 
impurities lead to a strengthening of the 
grain boundaries, already with little total 
concentrations of the admixtures [24]. 

In alloys of aluminium with magnesium, 
the main reason for the formation of inhomo- 
geneities in the solid solution was, 
apparently, up-hill diffusion. 

In nickel alloys with copper, a non-uniform 
distribution of the admixtures can also occur 
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for another reason. Nickel alloys with 
copper belong to that kind of alloys, in 
which the so-called K-state can appear [13, 
14]. The formation of the K-state occurs as 
a result of the diffusion process of metals 
of the transition group in homogeneous solid 
solutions and is most probably connected 
with the properties and the structure of the 
atoms of the transition metals. 

As investigations have show, complexes 
of atoms of unknown composition form on 
diffusion. The formation of these complexes 
is, on the other hand, accompanied by the 
transition of the outer conductivity 
electrons to lower levels. The plastic 
deformation can destroy the K-state; on the 
other hand, however, the speed of formation 
of the K-state is greater in plastically 
deformed alloys than in annealed ones. For 
that reason in many deformed alloys, a 
noticeable speed of formation of the K-state 
is observed already at room temperature. In 
some alloys an increase of lattice parameter 
is observed on formation of the K-state. The 
increase of the interatomic binding forces 
on annealing iron-chromium alloys in a 
certain temperature range, and the decrease 
on plastic deformation, which were recently 
established, are, apparently, connected with 
the same phenomenon (15). 

The experimental data obtained on investi- 
gations of alloys of nickel with copper, 
permit to assume the existence of the follow- 
ing kinds of non-uniform distribution of the 
admixtures in them. 

(a) The enrichment of the grain boundaries 
and of the mosaic blocks with copper; (b) 
the formation of clouds of atoms around the 
dislocations; (c) the formation of a short- 
range order, i.e. the deviation from the 
statistical distribution of the atoms of the 
solid solution. 

The enrichment of the grain boundaries 
with alloying elements is usually accompanied 
by a gain in strength of the grain boundaries. 
This can be revealed, both by direct micro- 
scopic observations of the deformation and 
by measurements of the internal friction on 
the grain boundaries. As microscopic 
investigations of the deformation and the 
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internal friction show, the grain boundaries 
of the nickel strengthen under the influence 
of the copper admixtures [22]. The 
strengthening of grain boundaries can also 
be noticed in the present investigations. 
The more pronounced dependence on temperature 
of the yield strength of pure nickel at 
temperatures above 600° K, can be explained 
by the beginning deformation along the grain 
boundaries. This conclusion follows from a 
comparison of the dependence on temperature 
of the yield strength of the poly- and mono- 
crystal (Fig. 5), and from direct microscopic 
investigations conducted in our laboratory. 
Similar results were also obtained on 
investigations of pure aluminium [2]. It is 
characteristic that in nickel alloys with 
copper, the deformation on the grain bounda- 
ries is very little pronounced, this also 
happening only at low rate of deformation, 
and in alloys with low copper content (Figs. 
1, 6). This proves the strengthening of the 
grain boundaries in the alloys. 

The observed "tooth" and the portion of 
plastic flow in the whole investigated 
temperature range can be explained by the 
presence of clouds of atoms around the 
dislocation, and by the existence of a short 
range order. A specific characteristic of 
these alloys is the fact that the portion of 
plastic flow is observed at rather high 
temperatures. 

As known, in alloys from metals with body- 
centered cubic lattice (e.g. in iron-carbon 
alloys), the tooth and the portion of plastic 
flow are observed mainly at low temperatures 
[16]. With increase in temperature of the 
tensile test, the portion of the plastic flow 
drops and becomes shorter with low carbon 
steels, at temperatures above 300° C it 
disappears completely [25]. From the point 
of view of the dislocation theory, the strong 
dependence of the yield strength on tempera- 
ture in these alloys is explained by that in 
the process of separation of the dislocations 
from the cloud, the energy of thermal 
mobility of the atoms plays an important role 
[16]. 

In alloys on the basis of metals with 
face-centered cubic lattice, the dislocations 
are dissociated into parts. In this case, 
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the precipitation of the dissolved impurities 
can occur on the entire distorted area 
between the extended dislocations [26]. In 
such alloys, the yield strength would be 
little susceptible to changes of temperature 
In the investigations [27] it was shown 
on the example of mono-crystals of the alloy 
Cu,Au, that both the sharp yield point and 
plastic flow exist in the partly ordered 
alloys. In analloy with short range order, as 
the authors assume, increased stresses are 
necessary to move the dislocations respective 
to the random state. That has its reason in 
the fact that the dislocations have to 
destroy regions of short range order on their 
way. In this case, plastic deformation 
starts at certain stresses the magnitude of 
which is sufficient for destroying the atom 
complexes [28]. The tooth on the yield 
limit increases because the first disloca- 
tions have to distroy more complexes than the 
following ones. Im this case, the dependence 
of the yield strength on temperature, 
apparently, is determined by the alteration 
of the lattice order and the energy value 
spent by the dislocations for destroying the 
ordered regions with change of temperature. 


FIG.9. 


It is evident that the disturbance of 
the short range order on deformation, and 
the connexion of the dislocations with the 
clouds of atoms, can partly be restored, 
when at a certain moment deformation is 
interrupted. This case is shown on Fig. 9. 
A specimen was pulled at room temperature 
till deformation occurred according to point 
A, and then unloaded. After that, deforma- 
tion was continued. As can be seen from the 


figure, in the first moment, the deforming 
stresses are greater when pulling is 

carried on, than with unloading the specimen, 
but thereafter, they regain the former value. 

Surely, it cannot be maintained that the 
mechanism of strain hardening demonstrated 
here is the only one possible. However a 
non-monotonous dependence of the yield limit 
on temperature which was observed, as well 
as the dependence on the rate of deformation, 
permit at any rate to assume, that besides 
the static character of the interaction of 
the dislocations with the atoms of the 
admixtures or with groups of them (formation 
of clouds of atoms around the dislocations, 
decrease in length of the dislocations), an 
interaction exists on the base of diffusion 
processes. 

The influence of diffusion processes, 
which often become evident through the 
existence of non-monotonous dependence of 
the yield limit on temperature and rate of 
deformation, is observed at low temperatures 
and in the range of high temperatures. 

In most reports, the abnormal behaviour 
of the alloys at low temperatures is 
ascribed to the migration of crystal lattice 
defects, i.e. vacancies introduced in the 
interstices between the atoms, or to the 
interactions of the dislocations [19, 20]. 

The occurrence of maxima at high 
temperatures, which are observed on alloys 
or on insufficiently pure metals, are 
evidently connected with the diffusion of 
the admixtures. Some words must be said on 
the decrease of the strain hardening 
coefficient in alloys as compared with pure 
nickel. Hereby, apparently both the 
influence of diffusion processes, which 
diminish the distortions of the crystal 
lattice and the disturbance of the short 
range order, as well as the decrease of the 
interatomic binding forces with rising 
concentration of the solid solution, can 
become apparent. 


CONCLUSIONS 


1, The dependence on temperature of the 
yield strength of pure nickel and of alloys 
of nickel with 10, 20, 40, and 60 per cent 
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copper was studied in the temperature range 
from - 196 to 700°C 

2. In the whole temperature range, the 
yield limit increases with increase of copper 
content up to 40 per cent thereafter it 
drops. 

3. The strain hardening of the nickel- 
copper alloys cannot be explained by the 
change of the interatomic binding forces and 
the static distortions of the crystal lattice, 
as the binding forces decrease with rise in 
copper concentration and the static distor- 
tions are very small at temperatures above 
300° C. 

4. One of the main reasons for the strain 
hardening of the investigated alloys is the 
inhomogeneous distribution of the admixtures 
in the solid solution. The experimental data 
obtained permit one to assume the existence 
of the following kinds of non-uniform dis- 
tribution of the admixtures: (a) enrichment 
of the grain boundaries and the mosaic 
blocks with the admixtures; (b) formation of 
clouds of atoms around the dislocations; 

(c) formation of a short range order, i.e. 
deviations from the statistical distribution 
of the atoms of the solid solution. 

5. Two yield points are existing in pure 
nickel: the yield limit for the shear defor- 
mation in the grain volume which depends 
relatively little on temperature, and the 
yield limit on the grain boundaries which 
changes with temperature approximately to an 
exponential law. 

6. The non-monotonous dependence of the 
yield strength on temperature observed in 
the alloys, and the dependence of the rate 
of deformation, allow one to assume the 
diffusion character of the interaction of 
the dislocations with atoms or with groups 
of atoms of the admixtures. 


Translated by H. Stelzenmiller 
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STUDY OF CROSS-SECTIONAL DEFORMATIONS OF CARBON STEELS* 


A.V. GUR’EV 
Stalingrad Institute of Mechanics 


(Received 28 October 1956). 


In this article are results of experimental and theoretical studies of the coefficient 
of cross-sectional deformation in the elastic range (Poisson coefficient) for a large 
number of types of carbon steels. An explanation is given why the magnitude of this 
coefficient increases with increase in stress, and formulae for its evaluation. The 
experimental procedure was characterized by particular accuracy; it may suffice to point 
out that the cross-sectional deformations were measured with an accuracy of within 0.01 
dt by tensometers designed by the author. Additional information is formulated about the 
study of the "modulus of microplasticity" of material with the new constant. 


INTRODUCTION tures [2]. 

One of the explanations of the reasons 
for the formation of hysteresis loops was 
within limits not exceeding the elastic given as long ago as 1938 by Davidenkov [3], 
limit, it is observed that the loading line, where it was pointed out that the reason for 


in graphs, does not coincide with the hysteresis lay in the inhomogeneity of the 
unloading line, forming a closed hysteresis polycrystalline alloy. As a result of 


loop (without the appearance of permanent anisotropy in the elastic properties of a 
deformation), the area of which is an crystal and differently orientated grains, 
indication of the energy absorbed by the firmly held together by grain boundaries, 
test-piece in one loading cycle. The the stressed state along the cross-sectional 
clarification of the nature of the hysteresis area will be non-uniform (even for such 

loop formation and being able to determine deformation as brought about by axial tension 
the size and shape of the loop is not only or compression). In this respect the work 
very important from the scientific point of of Rovinskii and Rybakova [4] is of interest, 
view, but is imperative for the solution of in which the possibility of existence of 

a number of applied problems. Thus, Oding internal stresses, even in undeformed metal, 
[1], in setting up his theory of fatigue re- is discussed. X-ray analysis has established 
sistance, relied on certain assumptions their approximate value as 1500 kg/cm?, 
regarding the relationship between area and In one of Pavlov’s papers [5] it is 

width of hysteresis loop. A consideration reported that investigations of the mechanism 
of the influence of the non-elastic resis- of plastic deformation of mono- and polycry- 
tance of material on oscillations, the stals have brought to light the non-uniform 
construction having been worked out, also way in which plastic deformation takes its 
requires a knowledge of the functional course throughout the whole volume, and has 
relationship, showing departures from shown that plastic deformation is produced 
Hooke’s Law, and of the constants of the in small portions of the crystal. As regards 
material which may characterize these depar- large deformations, the facts that deforma- 
tion of individual grains is extremely non- 

* Fiz. metal. metalloved. 6, No.4, 725-733, 1958. uniform [6], that deformation is accompanied 


On loading a metallic test-piece 


142 
VOL. 
6 
195% 


Cross-sectional deformations of carbon steels 


by a change in grain shape [7], and that 
deformation within a grain is non-uniform 
[s], have become obvious in the last few 
years [9]. It can be assumed that even when 
loads are applied which do not lead to great 
residual deformations, they can produce 
starting points of plastic deformation along 
certain very weak and unfavourably orientated 
microspaces. But these starting points, if 
the stresses are comparatively low, may not 
grow sufficiently to enable them to unite; 
thus, after removing the load, no permanent 
deformation will be evident, but the loading 
and unloading curves will not coincide, 
forming a closed hysteresis loop. Here 
other processes, for instance diffusion 
processes, will also play a definite part, 
and Soviet and foreign scientists have been 
engaged on their study for the last few 
years (work of Ke Tin-sui, Pavlov and others). 

In the present paper, problems relating 
only to the formation of hysteresis curves, 
established in the course of cyclic loading, 
as plotted according to longitudinal and 
cross-sectional deformations, as well as the 
relationship between these deformations are 
considered (coefficient of cross-sectional 
deformation — Poisson coefficient). It must 
be remembered that plastic deformations 
occurring only in a number of microspaces 
are extremely small during elastic deforma- 
tion of the original test-piece volume, and 
in one loading cycle do not exceed the 
magnitude of elastic deformation. There fore 
the influence of workhardening of these 
microvolumes can be ignored. In our work 
[10] we took the fact that during deformation, 
even in the elastic range, along the cross- 
sectional area of the specimen it is 
possible to distinguish microvolumes 
differently stressed from zero to Oy at 
every moment of loading, and that the 
appropriate part of the cross-sectional area, 
which is being plastically deformed at a 
given moment, is proportional to the stress 
Ov as a fundamental proof. 


(1) 


Here P is a new constant for the material, 
which we have called the "modulus of micro- 


plasticity". 
From the expression 

IT Sy (2) 
it can be seen that 1/P is numerically equal 
to that relative portion of the cross-section 
which enters into plastic deformation with 
increase of actual stress by 1 kg/cm’. 

Let us quote a few formulae required for 
the further lay-out, the derivation and 
experimental verification of which was given 
in paper [10]. 

The equation for the ascending hysteresis 
loop arm 


the equation for the descending hysteresis 
loop arm 


the width of the hysteresis loop at the 
stress of interest to us 


+V 


Here, 0, is the maximum stress of the cycle. 
Let us now establish a law for the change of 
the coefficient of cross-sectional deforma- 

tion with increase in stress. 


pe 


FIG. 1. Schematic representation 
of the cross-section of @ specimen: 
1 + measuring pins of tensometer; 
2+ elastically deformed micro- 
regions; plastically: deformed 

microregions, 
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THEORETICAL AND EXPERIMENTAL STUDY 
OF THE COEFFICIENT OF 
CROSS — SECTIONAL DEFORMATION 


As in the work [11], let uy be the 
coefficient of elastic cross-sectional 
de formation, Hn the coefficient of plastic 
cross-sectional deformation, //, the 
coefficient of the total cross-sectional 
deformation, which is determined by the total 
(elastic and plastic) deformation. 

As an example let us take a bar of 
rectangular cross-section (Fig. 1) and 
divide it into a large number of regions, 

m,, the area of each of which will be Fi/m,. 
Let us consider that moment of application of 
stress when there will be, on attaining 2 
certain stress, regions suffering both 
elastic and plastic deformation. Let my be 
the number of regions suffering elastic 
deformation and m, the number of regions 
suffering plastic deformation. 

Let us increase the stress by an 
infinitely small amount. This will bring 
about a corresponding longitudinal elongation 
of the specimen by de’, and a corresponding 
cross-sectional contraction by d€,. If the 
total number of regions, m', along the length 
1' is considered, and my and my, is the number 
of regions suffering elastic and plastic 
deformations, respectively, at a given 
instant, the the extent of cross-sectional 
deformation can be calculated as the sum of 
the elastic and plastic parts of deformation. 


m, , mi, 
Mo 0 


When dividing the left-and right-hand side of 
equation (6) by de,-1', we get 


(7) 
m 


The relation dée{/de, determines the true 
coefficient of total cross-sectional deforma- 


tion; hence 


m m 
y n 
(8) 
Mo Mo 
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It is appropriate at this point to bring 
to mind a suggestion recently made by 
Rovinskii and Lyuttsau (12] who, after 
studying the change of the Poisson 
coefficient with relaxation of stresses, 
pointed out the possibility of considering 
this coefficient an additive value and of 
taking it as an expression for the relation- 
ship between the elastic and plastic deforma- 
tion of a body at the moment of mechanical 
testing. Equation (8) gives a concrete ex- 
Pression to this idea. 

In papers [11, 13] it has been shown that 

can be taken as 0.25 for iron-carbon 
alloys. The results of calculation of the 
coefficient of cross-sectional deformation 
during relaxation of stresses [14] lead to 
the same conclusion. The coefficient may be 
taken as 0.5 with great accuracy for 
practical purposes [15]. 

Let us substitute m) - m, form. If it 
is conceded that the distribution of the 
plastically deformed regions along the cross- 
section of the specimen is even, then the 
relation m,/m, can be substituted by the 
relation m,/m,. As the relation m,/m, is 
equal to the appropriate part of the cross- 
sectional area fa which deforms plastically 
at a given value of the coefficient 44, (8), 
after some simple transformations, takes the 
form 


0.25 (1 + f,)- (9) 


An analysis of (9) enables one to arrive 
at an interesting conclusion. 
follows that 


From (9) it 


(10) 


TABLE 1 


He % 
0.25 0 
0.26 4 
0.27 8 
0.28 12 
0.29 16 
0.30 20 

0.50 100 
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In Table 1 results of calculations, using (10), 
are given for that portion of cross-sectional 
area which has undergone plastic deformation, 
at different values of coefficient 4. 

On the basis of work [10] it follows that 
on loading 


and on removing the load 0, 


Substituting the expression fi into formula 
(9), we obtain the final equations for the 
determination of 4, on loading and unloading: 


(14) 


= 0.25 {2 — | | 


Experimental verification has shown a good 
agreement between equations (13) and (14) and 
the test results. Normal round specimens with 
a diameter of 10 mm were used for the tests. 


kg/cm? | 
4000 
2000 
1000 


FIG.2. Change of {) during loading and 

unloading. Steel 40 Kh. P=1.4 x 10 

kg/cem2, Heat treatment - normalizing 
0 - loading, @ - unloading. 


Loading was carried out on a universal 
hydraulic tensile testing machine provided 
with a pendular force indicator. Five types 
of carbon steel (10, 15, 30, 40 and 60) and 
the chromium steel 40 Kh were tested after 
the following heat treatments: annealing, 
normalizing and quenching. Longitudinal 
deformations were measured with an accuracy 
of within 0.01 u by tensometers of our own 
construction, a description of which was given 


in [10, 16]. 

In Fig. 2, the results of experimental 
determination of the coefficient of cross- 
sectional deformation for a chromium steel 
are given. As can be seen from the diagram, 
the theoretical curve 4, = f(0) passes well 
through the experimental points, both on 
loading and unloading of the specimen. The 
regularity of change of , is preserved also 
when the amplitude of the cycle is changed 
(Fig. 3). Thus, in the course of a full 
loading cycle the value of the coefficient 
HM, falls twofold stepwise at the moments at 
which loading and unloading commence, down 
to its minimum value of 0.25, and during 
loading and unloading it increases smoothly. 
However, it can be seen from the diagrams 
that there is, at high stresses, a noticeable 
fall-out of experimental points in the 
direction of higher values of ,, which, 
naturally, in no way indicates any deficiency 
in the relationship between the theory 
developed and practice. In actual fact, the 
fall-out of experimental points begins to be 
felt really substantially after attaining a 
stress corresponding to a value of the 
coefficient 4, of 0.3. The results of Tablel 
show that at 44 = 0.3 already 20 per cent of 
the cross-sectional area of the specimen 
suffers plastic deformation (or 20 per cent 
of microvolumes), and in some portions 
complete joining-up of these plastically 
deformed microvolumes is possible, causing a 
disturbance of the continuity of the elastic 
regions. In fact, if up to f, = 50 per cent 
in the cross-section is an elastic phase, 
with only dissemination of inelastic micro- 
regions, then as f. increases, the picture 
changes and there will be in the plastically 
deforming phase only disseminations of elastic 


kg/ cm? 
7000.7 
5000 
5000; 
4060 
3000 
2000 
1000 


regions. 


FIG.3. Change of coefficient My at various 
amplitudes of loading. Steel 60. P= 1.5 x 
104 kg/cm2, Heat treatment - normalizing. 

1 - loading; 2 - unloading. 
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This will lead to the appearance of 
residual deformation after unloading. For 
the quantitative explanation of this 

phenomenon the theories of elastic deforma- 
tions, developed here, are naturally inade- 


quate. 

Certain fall-outs of experimental points 
at low stresses in the direction of increased 
values of . are in accordance with theory, 
and can be explained by the presence of a 
superficially weakened layer, the plastic 
deformation of which is rendered considerably 
easier in view of the absence from the 
surface of the specimen of a series of 
supporting grains (17, 18]. Therefore, the 
peripheral layers of the specimen will deform 
plastically at lower stresses, which thus 
leads to an increase in the magnitude of },. 
As the part of the layer which is superfici- 
ally weakened is small as compared with the 
total volume of the specimen, then, as the 
stress is increased, its influence ceases to 
be felt. If the value of Au., which is 
governed by the increase of the coefficient 
of cross-sectional deformation (Fig. 2), is 
worked out from the diagram, the thickness 
of this layer can be analytically estimated. 
As this concerns an independent study, this 
question will be discussed in a separate 


communication. 


REMARKS ABOUT THE STUDY OF A NEW 
MATERIAL CONSTANT OF THE 
"MODULUS OF MICROPLASTICITY™“" 


By solving equation (13) with respect to 
P, we get a formula for the determination of 
the modulus of microplasticity. 


(15) 


As experimental results have shown, the 
value of coefficient 4, changes within the 
limits 0.25 - 0.30 in the region of working 
stresses. In this range of change of 4, the 
function (u,) = (1 - 24,)? can be replaced 
with, for practical purposes, sufficient 
accuracy by the simpler function p, (a) * 
0.7096 - 1.839 u.. Then equation (15), after 
simple substitution, will assume the form 
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yg — 0,25 i 


(16) 


This formula is more convenient to use for 
practical determination of the microplasti- 
city. 

A numerical calculation of the error 
obtained as the result of substituting 
function Pi(He) for function ¢ (4) has shown 
that its magnitude does not exceed t 0.7 per 
cent. 

By solving equation (16) with respect to 
M,, we obtain a formula for the determination 
of the coefficient of cross-sectional defor- 
mation on loading. 


=0.25 + 0.136 — . (17) 


For unloading this formula takes the form 


(18) 


In Fig. 4, a diagram representing the 
change of coefficient 4, during a whole 
loading cycle is given, which has been 
plotted using the simplified formulae (17) 
and (18). The curves 4, = f(7), plotted 
according to the accurate formulae (13) and 
(14), differ only to an insignificant extent 
from the curves shown in this diagram. Thus, 
the possibility of assuming the existence of 
a linear relationship of change of the 
coefficient 4, within a fairly large region 
of deformation is confirmed; also, the 
empirical relationship (11). 


(19) 


= 0.25 4+ Ke. 


which we assumed earlier on, is justified. 
Now it is possible to establish the relation- 
ship between the coefficient K and the 
modulus of microplasticity, P. If we equate 
the right-hand sides of equations (17) and 
(19), we obtain P =0,.136/K, which represents 
an inversely proportional relationship. 

In Table 2 the values of the modulus of 
microplasticity are given for carbon steels 
heat treated by normalizing. 

The great sensitivity of the modulus of 
microplasticity and of the coefficient K to 
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heat treatment must be pointed out. 
2 
kg/cm G, 


I000-— 


2900 


2000 


1500 


1000 


4 
500 
Ne. 
025 0.26 0.07 0.28 029 030 ft; 


FIG.4. Diagram representing the change of 
coefficient (4, for steel 30. The change 
of the coefficient in accordance with 
approximated formulae is given by full 
lines, and that in accordance with accurate 
formulae by dashed lines. P = 8,9 x 10 
kg/cm2, Heat treatment - normalizing: 
1 - loading; 2 - unloading. 


Thus, for steel 40Kh the magnitude of P 
changes nearly fivefold in the course of 
heat treatment from annealing to quenching, 
which can be seen from the data of Table 3. 


TABLE 2 


Modulus P 


Type of steel 3 
kg/cm?, 10 


6.54 
7.56 
8.89 
10.8 
11.5 


TABLE 3 


Modulus of 
microplast deity, 


Heat treatment kg/cm” .10°, 


a for steel 40 


annealing 8.9 10 
normalizing 14 11 
quenching (in oil) 44 35 


In this connexion, the diagram of Fig. 5, is 
very informative, from which it can be seen 
that the initial portion of the curve 4, = f 
(7), obtained with increase in cooling rate 
after heating for heat treatment, which, for 


practical purposes, can be taken as a 
straight line, steadily increases its 
inclination; whereas the value of P, there- 
fore, steadily increases. 


— quenching 
2 = normalizing 
3 annealing 


OH My 


FIG.5. Possible regions of change in 
Myo on loading in relation to various 
heat treatments. Steel 40 Kh. 


CURVE FOR CROSS-SECTIONAL DEFORMATION 


The coefficient of total cross-sectional 
deformation can be determined by means of the 
differential relationship: 


(20) 


Then the equation for the cross-sectional 
deformation curve will be determined: 


a 


Differentiating both sides of (3), we get 


dey = 


(22) 
Substituting the expression obtained for 
MM, according to (13), and dé, in the 
integral (21), we finally obtain, after 
working out the integral 


3 


> ni 


On removing the stress 0,, this equation will 
take the form 
(24) 


147 
at 
1500- 
1000+ 
L 
500 
6 
958 
deo 
|| 
Cr. 10 
Cr. 15 
Cr..“30 
Cr. 40 
Cr. 60 


An analysis of the equations (23) and 
(24) shows that cross-sectional deformation 
curves, as well as longitudinal deformation 
curves in the diagram are straight lines. 

Gkecm? | | 
400 0 t + 


Theoretical loops 


P = 1,15 . 104 
0 - points 


FIG. 6. 
for steel 60, 
E = 2.05 x 106 


obtained by experiment. 


Theoretical hysteresis loops 

P = 1.4 x 10 

kg/cm*, E = 2.13 x 106 0 - 
points obtained by experiment. 


FIG. 7. 
for steel 40 Kh. 


In Figs. 6 and 7 theoretical hysteresis 
loops for cross-sectional deformations are 
given. As can be seen from the diagrams, 
the experimentally obtained points come to 
lie on these curves with sufficient accuracy, 
which fact confirms the fundamental aspects 
of the theory to be correct. 

When considering the structure of forma- 
tion of the equations for longitudinal and 
cross-sectional deformations, it is possible 
to come to an interesting conclusion. In 
actual fact, if (3) and (23) are re-written 
in such a form as to be able to divide the 
right-hand sides into two components: 


E 

a 217 3 3 

0.25-2. +0,5[ 22 (1 -Vi-=+)- 


then it is easily seen that the first 
members of the right-hand side of the 


equations correspond to the elastic deforma- 
tion of a perfectly elastic material in 


3 
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The second 


accordance with Hooke’s Law. 
members (in square brackets) give the 
correction for inelastic deformation. 


Hence, 


By subtracting the right-hand side of 
equation (23) from the right-hand side of 
equation (24), we obtain a formula for the 
determination of the width of the hysteresis 
loop, measured for cross-sectional deforma- 
tions: 


oy 


In paper [16] it was noticed, on the 
basis of experimental results only, that the 
relationship between the width of the 
hysteresis loop for cross-sectional deforma- 
tions, to the width of the loop for longi- 
tudinal deformations is 0.5 for any magnitude 
of stress. Now it is possible for it to be 
confirmed also analytically. In fact, it 
follows from equations (27) and (5) that 


(Ae’) 
(Az) 


CONCLUSIONS 


(28) 


1, The coefficient of cross-sectional 
deformation 4, increases with increase in 
stress. During a whole loading and unloading 
cycle its magnitude falls step-wise by twice 
to the minimum value of 0.25. A theoretical 
explanation of this phenomenon is given, and 
formulae are worked out for the determina- 
tion of the coefficient of cross-sectional 
deformation at any stress of interest. 

2. It has been shown that the number of 
microregions which deform inelastically at a 
given stress increases with increase of the 
coefficient of total cross-sectional de forma- 


tion. 
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3. The results of the investigation have 
shown the expedience of the introduction of a 
new material constant, the "modulus of 
microplasticity", which permits hysteresis 
loops to be constructed for a given material, 
and allows the coefficient of total cross- 
sectional deformation to be determined, with- 
out having to carry out complex and arduous 
experiments. 

Translated by G. Isserlis. 
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A very large number of experiments have 
shown that plastic deformations change the 
physical properties of metals, their 
mechanical characteristics and also some of 
their chemical properties. The magnetic, 
electrical, optical and sorption properties, 
the hardness, ductility and chemical 
reactivity change. Those properties and 
characteristics which undergo considerable 
change during plastic deformation have been 
studied in some detail. Properties under- 
going little change have, as a rule, been 
studied insufficiently, as investigations of 
such a kind are associated with great 
experimental difficulties. 

Thus, for example, the influence of plastic 
deformation on the specific heat of metals 
has been studied to such a small extent that 
it is not quite clear up to date whether it 
exists at all. Incidentally, a study of this 
problem could lead to important results about 
the nature of distortions of the crystal 
lattice, brought about by plastic deformation, 
which in turn, would enable one to get aclearer 
picture of the binding forces between atoms. 
This problem, as is known, cannot be con- 
sidered to have been solved completely, and 
requires further reliable experimental study. 

In the literature only a few papers are 
met with dealing with the study of the 
influence of plastic deformation on the 
specific heat of metals and alloys. The 
results of these experiments are contradic- 
tory. In some researches heat treatment was 
applied in addition to deformation. 

Hill (1), in studying the specific heat 
of iron after cold drawing, noticed an 
increase in C of up to 1.4 per cent. Honda 
* Fiz. metal. metalloved., 6, No. 4, 734-738, 1958. 


CHANGE OF SPECIFIC HEAT OF METALS DURING PLASTIC DEFORMAT!ON* 
B.V. BELOGUROV AND L.M. SHESTOPALOV 
Theoretical Physics Institute of the Academy at Science U.S.S.R. 


(Received 17 December 1956) 


[2] obtained in the curves of even normalized 
carbon steels an increase in specific heat of up 
to 3 per cent, as compared with their initial 
annealed condition. Shlett [3] observed both an 
increase and a decrease in specific heat in 
platinum and nickel. Finally, Levin and Chappel 
[4], Levin and Schottky [5], Berens and Drucker 
[6], and also Geiss and Van Limpt [7] have not 
observed any changes in specific heat of various 
metals and alloys in excess of experimental error. 

Regarding the last paper, it should be noted 
that the quite reliable experimental results 
described in it have shown, beyond doubt, an 
increase in specific heat in the case of tungsten 
and nickel on drawing them into wire; however, 
the authors considered these experimental 
results were useless owing to some extremely 
doubtful corrections. 

In all researches the absence of a systematic 
lay-out of experiments is characteristic. 
Deformation and heat treatment were carried out 
by most arbitrary means, e.g. drawing into rod or 
wire, forging with subsequent rolling, heating 
for 30 min at white heat, etc. 

Systematic experiments, in which the method 
of deformation applied and the extent of 
deformation are considered, are not described in 
the literature. Similarly, there is no 
description of any experimental verification of a 
reliable theoretical basis. Tanmann’s statements 
[s] regarding this question, are correct in 
essence, but erroneous as regards calculations. 
If the possible changes in specific heat are 
estimated by the amount of energy retained during 
deformation, as done by Tammann, then, if the 
calculation is correct, an increase in specific 
heat of up to 3 per cent can be expected for iron, 
as compared with its initial state. From this 


point of view an increase in specific heat can be 
expected from all types of deformation, as in all 
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cases where measurements of the amount of work 
expended on deformation and of the amount of 
heat given out were carried out, the latter 
proved to be smaller than the former. 

In connexion with the above, the follow- 
ing is most important: (a) a systematic 
testing of the specific heat of several 
metals in relation to the type and extent of 
deformation should be carried out, (b) the 
changes in specific heat found and their 
variation should be compared with the degree 
of deformation. 

In this article a description of the 
experiments, carried out in a standard 
manner, is given. 


Fig.1. Differential directly heated 


vacuum calorimeter: 


1 calorimeter body; 2 lid; 3 

nut; 4 = vacuum seal; 5.=- tightening 
textolite cone; 6 = standard specimen; 
7 = electric heater block; 8 = thermo- 
couple junction; 9 = adjusting screw. 


Armco iron and electrolytic copper which had 
been remelted in vacuum and whose recry- 
stallization temperature was considerably 
higher than room temperature, were chosen as 
objects for study. Specific heat measurements 
were carried out in the temperature range 

+ 20 to + 50°C, 


As the liberation of retained energy 
during the calorimetric experiment can cause 
a false effect of a decrease in specific 
heat, the specimens were soaked for two 
hours in a thermostat at a temperature of 
+ 70°C, which exceeded the upper limit of 
the testing range, in order to ensure absence 
of the influence of this factor. 

Deformation of the specimens was carried 
out by axial tension and compression within 
the limits 0 to 10 per cent. 

For the detection and measurement of 
changes in specific heat a differential 
vacuum direct heating calorimeter was con- 
structed, which is reproduced in Fig. 1. 
heating system, in the form of miniature 
electric furnaces, which were held against 
the specimen ends by textolite cones, was 
regulated in such a way as to be entirely 
free from “bending". 

The temperature of the specimens was 
measured by nichrome-constantan thermo- 
couples of dé/dt = 44 uu V/degree. The 
electrical layout for the connexion of the 
thermocouples permitted AC/C to be subtracted 
immediately in per cent. 

An annealed specimen from a batch of 
deformed specimens served as a standard for 
testing. It was important that the influence 
of the change of the specimen surface, which 
occurs in the course of deformation, on the 
limits of accuracy of the calorimeter be 
determined. By means of special experiments 
with undeformed specimens, which, however, 
had different surface areas (the masses being 
equal) it was shown that changes in surface 
area brought about by a deformation of 10 per 
cent, in tension or contraction, are not 
noticeably reflected in the calorimeter 
readings, but with greater deformations they 
at first become noticeable, and then even 
most pronounced. For this reason the deforma- 
tion range was limited to + 10 per cent. 

Preliminary experimental runs with the 
calorimeter have shown that it is capable of 
registering changes in specific heat of the 
order of a few hundredths of one per cent; 
however only differences of 0.1 per cent or 
greater can be fixed with full reliability. 

A vacuum of the order of 10°? mm Hg was 
produced in the calorimeter by means of the 
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force pump PBH-20. Higher degrees of evacua- 
tion proved unnecessary. 

Rods of 40 mm dia served as raw material 
for making the specimens; after being cut 
into lengths of 250 mm they were placed into 
a miffle furnace and held there for 12 hr at 
800°C (iron) or 600°C (copper). 

After annealing, the rods were cooled for 
12 hr in the furnaces and on removal, had a 
temperature of 50 — 60°C. Afterwards, the 
rods underwent mechanical treatment, in 
which they were made into specimens for 
testing in compression and tension. 

For compressional testing, cylindrical 
specimens were made with a diameter of 22 mm 
and a length of 38 mm. The tensile test 
specimens had also a diameter of 22 mm, but 
a gauge length position of 140 mm, which, by 
cutting each pulled specimen, made it 
possible to obtain three specimens for 
calorimetric experiments. In order to fix 
the hot junctions of the thermocouples on to 
the side surface of the specimens, holes of 
2.6 mm dia and 3 mm depth were drilled and 
tapped. 

Prior to immersion into the calorimeter 
the masses of the specimens under investiga- 
tion were weighed with an accuracy of up to 
1 mg, which, for specimen mass of 112 g, 
gives an accuracy of 0.001 per cent. 

The outer surfaces of the specimens and 
the inner surfaces of the calorimeter were 
ground in order to improve their reflectivi- 
ties. The specimens were placed in the 
calorimeter coaxially (the calorimeter vessel 
was cylindrical), which reduced heat losses 
to a minimum. 

Not less than one hundred specimens for 
each of the metals and for each type of 
deformation were tested, so that the total 
number of specimens used exceeded 400. 

The results obtained with the help of our 
calorimeter have been confirmed by a massive 
differential calorimeter constructed by Popov 
and Skuratov [9], and the great sensitivity 
and accuracy of our method was confirmed. 

The test results are given in Figs. 2 - 5. 
The shape of the curves has been confirmed by 
special experiments, in which the specimens 
are “chased” along the whole range of deforma- 


tion during compression. Unfortunately, 
such a check is impossible for stretched 
specimens. 
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Fig.2. Change in specific heat of copper during 
plastic compression. 


O - experiments with the author’s calorimeter. 

@ - experiments with Popov’s and Skuratov’ s 
calorimeter. 

B® - control experiments for confirmation of the 
shape of the curve. 
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Fig.3. Change in specific heat of 
copper during plastic stretching. 
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Fig.4. Change in specific heat of 
iron during plastic compression. 
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Fig.5. Change in specific heat of 
iron during plastic stretching. 


Experiments have shown that the specific 
heat of iron and copper increases after 
both, axial tension, compression. In copper 
an increase in specific heat is observed for 
deformation of 25 per cent onwards. At 
higher deformations this change increases 
rapidly, attaining a noticeable saturation 
at a deformation of 10 per cent. The average 
value of the maximum effect is + 0.5 per cent. 
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In iron, changes are noticed from 
approximately 1.5 per cent deformation 
onwards; after that, as in copper, a rapid 
increase can be observed, but at a deforma- 
tion of 10 per cent saturation does not 
appear to occur in such a full measure as for 
copper, although the tendency towards it is 
clearly evident. 

The value of the maximm effect, on the 
average, is + 0.8 per cent; in individual 
cases a change in specific heat by 1 per cent 
and even somewhat more can be observed. 

The curves obtained for the change in 
specific heat during plastic deformation have 
a similar character for copper and iron; 
they are independent of the sign of deforma- 
tion and are very similar in shape to harden- 
ing curves (Taylor and Quinney [10]), 
residual stress increase curves (Davidenkov 
and Terminasov [11]), as well as curves for 
energy absorption during deformation (Taylor 
and Farren [12]; Degtyarev [13]). These 
curves are reproduced in Figs. 6, 7 and 8. 
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Fig.6. Hardening of copper during plastic 


compression, according to Taylor’s and 
Quinney’ s results. 
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Fig.7. Increase of residual stresses, 
the magnitude of which ie determined 

by the change in - doublet width 
(N.N. Davidenkov and Yu. S. Terminasov). 
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Fig.8. Energy absorption during 
deformation of copper 
(M.M. Degtyarev). 


Besides, in all cases it can be observed 
that at a deformation approaching 10 per 
cent the increase becomes completed, or else 
a tendency for it to stop becomes evident, 
i.e. saturation either sets in, or, is 
approached. 

A comparison of these results enables us 
to suggest that there exists an extremely 
close connexion between the phenomena indicat- 
ed and the changes in specific heat obtained 
by us. 

It is therefore to be hoped that when 
measurements of all the values indicated have 
been carried out on the same specimens it 
will be possible for important quantitative 
relationships between them to be established. 

The current theory of the solid state, 
and in particular the theory of the specific 
heat of solid bodies, treat the increase in 
specific heat as the result of a lowering of 
the characteristic temperature. Again, 
attempts are often made to explain the 
lowering of the characteristic temperature 
by the weakening of the cohesive forces of 
the atoms in the crystal lattice. 

In an article by Kurdyumov and co-workers 
[14], in which the results of X-ray measure- 
ments of the characteristic temperature of 
martensite and iron are given, it is pointed 
out that the mechanical properties of 
martensite, which are high as compared with 
those of iron, can be explained by the 
peculiarities of its structure, and that 
plastic deformation changes the characteristic 
temperature little whereas a change in 
composition of alloys changes the bonding 
forces considerably. The suggestion that it 
is these maximum Debye frequencies which are 
responsible for the mechanical properties of 
the entire body as a whole seems to be some- 
what improbable. Rather could it be 
assumed that small oscillation frequencies, 
which are a manifestation of the weakest 
bonds, caused by distortions, about which we 
know either nothing or very little, are more 
effective. 

The results obtained by systematic experi- 
ments, we think, may prove useful both for 
working out a theory for the mechanism of 
plastic deformation and for creating the 
thermodynamics of plastic deformation. 


Translated by G. Isserlis 
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This paper gives data concerning features of the manufacture and ways of improving 
the magnetic properties of the first batch of cold-rolled dynamo steel produced at the 


Magnitogorsk metallurgical combine. 


The steel was smelted in an arc steel- 
melting furnace (at the Chelyabinsk 
metallurgical works) and had the following 
chemical composition (per cent): C 0.02, Mn- 
0.10, Si 1.35, P 0,012, S 0,008, Cr 0.02, 
Ni 0.10. The steel was bottom cast into 
7-ton ingots, which after heating at 1220- 
1280°C were rolled into 100 x 800 mm slabs. 

The slabs weighing 950-1100 kg were 
heated in continuous three-zone furnaces 
under the following conditions: the slabs 
were at a temperature of 20° before being 
placed in the furnace, the temperature of 
the continuous zone was 870-930° and that of 
the soaking zone was 1275-1320°. Then the 
slabs were rolled to a thickness of 2.2 mm 
on a 10-stand continuous hot-rolling mill 
with rollers 800-500 mm in diameter and a 
roller length of 1450 mm. The rolling 
temperature after the roughing group was 
1140-1160°, the temperature at the end of 
rolling was 870-905°, the slabs remained in 
the furnace 1 hr. 30 min. 

The hot-rolled bands 2.2 x 800 m in 
section and weighing 900-1000 kg were etched 
in sulphuric acid on continuous etching 
machines, speed 25 m/min, at a temperature 
of 45-90° (the concentration of the etching 
solution was 15-20%). After etching, the 
oiled hot-rolled bands were rolled to a 
thickness of 1.00 mm on a 3-stand mill with 
rollers 450 mm in diameter and a roller 
length of 1450 mm. The first cold rolling 
took place at a speed of 3.5 m/sec. 

* Fiz. metal. metalloved., 6, No.4, 739-744,1958. 


contrast with the existing procedure for 
manufacturing cold-rolled transformer steel, 
the dynamo steel in bands 1.00 mm thick 
underwent a second cold rolling to 0.50 mm 
on a six-roller reversing mill (roller 
diameter 185 mm, roller length 850 mn), 
without intermediate bright annealing. 
Individual bands were rolled in five passes 
to 0.35 nm on the reversing mill. 

The distinctive features of the production 
of the batch of dynamo steel described are 
the absence of rough - decarburizing - 
annealing and the cold rolling from a thick- 
ness of 2.2 to 0.50 (0.35) mm without 
intermediate bright annealing and final low- 
temperature annealing in a protective gas. 
Individual sheets or packs of cold-rolled 
dynamo steel underwent high-temperature 
annealing in vacuo to get rid of harmful 
impurities and to obtain a coarse-grained 
structure. 

As was shown in earlier investigations 
[1] employing high-temperature annealing in 
hydrogen, high vacuum or neutral gases 
considerably raises the magnetic induction 
in weak fields and lowers the coercive force 
even in low-alloy dynamo steel (hot rolled), 
despite the a ~ ¥ phase transformations 
taking place in it. 

The heat-treatment conditions of the 
cold-rolled dynamo steel are given in Table 1. 

In Table 2 are given the specific losses 
and the magnetic induction in strong fields 
of dynamo steel submitted to final low- 
temperature annealing in a protective gas. 
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TABLE 1 Heat-treatment conditions of cold-rolled dynamo steel (final annealing) 


Annealing time, hr | 


Batch of 
steel 


Tempera- 
Total 


Medium 


16 24 26* 66 


25-875 


Strip 1.0 mm 
in bands 


Protective gas 
0-5% co, 


24 29** 60 


Sheets 0,50 mm 


| 6-12% Co, 
in packs 


| Ny - rest 


22 O6*+* 140 


Sheets thickness 
0.35 1,0 mm 
in packs 


Vacuum 40-50 mm 
mercury 
column 


* Cupola gas furnace, cooling to 150° with protective gas. 
** Cupola electric furnace, cooling to 240°, _blowdo wn with protective gas. 
*** Cupola electric furnace, cooling to 550° in vacuo. 


It will be seen from the Table that the 
specific losses of this steel are compara- 
tively high. The magnetic induction at 
magnetic field intensities of 25-300 AT/cm 
is 6-10 per cent higher than that of hot- 
rolled dynamo steel specified in Standard 
GOST’ a 802-54. The magnetic intensity is 
generally higher in the specimens 0.50 mm 
thick cut in the direction of rolling than 
in the transverse specimens. The anisotropy 
of the magnetic induction connected with the 
direction of rolling falls from 5-6 to 1,5-2 
per cent on increase in the magnetic field 
intensity from 10 to 300 AT/cm. In the 
sheets 1.0 mm thick the direction of cold 
rolling does not noticeably affect the 
magnitude of the magnetic induction in strong 
fields. 

It will be noted that after low-tempera- 
ture annealing in the packs weighing 6-7 
tons there are considerable differences in 
the specific losses due to uneven heating of 
the pack. The specific losses on induction 
at 10 and 15 thousand gauss in the sheets 
annealed in the bottom of the pack are 10-15 
per cent greater than those of the sheets at 
the top. 

Fig. 1, shows the effect of heat treat- 
ment and of the sheet thickness on the 
specific losses of cold-rolled dynamo steel 
containing 1.35 per cent silicon. On 
identical holding for 22-24 hours, annealing 
in vacuo at a residual pressure of 40-50 mm 
mercury column at a temperature of 1120° 


results in adecrease of 30-40 per cent in the 

specific losses on induction at 10 thousand 
gauss, compared with annealing at 825-875° 

in a neutral protective gas. 


Annealing in 
cupola furnaces 
with holding for 

22-24 hr. 


Sheet thickness, mm 


Fig.1. Effect of heat treatment and 
sheet thickness on specific losses of 
cold-rolled dynamo steel. 

With decrease in the thickness of the 
sheets from 1.00 to 0.35 mm the specific 
losses fall on the average from 3.5-4.0 to 
1,.7-2.0 W/kg, i.e. by one half. In the 
sheets 0.50 mm thick the specific losses are 
2.10-2.40 W/kg. Thus, in addition to a high 
annealing temperature, reducing the thickness 
of the sheets to 0.35 mm is a very effective 
means of lowering the specific losses of 
cold-rolled dynamo steel. 

Cold-rolied dynamo steel 0.35 mm thick 
has a density coefficient of 94-96 per cent, 
which is not inferior to that of hot-rolled 
dynamo steel 0.50 mm thick. In order there- 
fore to produce dynamo steel with low specific 
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TABLE 2 Magnetic properties of cold-rolled dynamo 


steel after low-temperature annealing. 


[Thick- 
ness 
No. of| of Direction 


Specific losses, 


W/kg-Magnetic induction, gauss 


speci- strips of rolling 
men (sheets) 
{in mm| 


Pio | Pis 


Piz 


Bio Bas Bso Byioo Bsoo 


Test results (All-Soviet Scientific Research 


3 32 
2,88 
5.38 
4.52 


Transverse 
Longitudinal 
Transverse 


Test results (Magnitogorsk 


9.7 


10.0 


Longitudinal} 3.26 | 7,23 
Transverse 7,19 
Longitudinal] 3,68 | 8,41 
Transverse | 3,78 | 8,46 


The magnetic tests were carried out 
5 and 6 were taken from 


Specimens Nos. 


Institute for Metallurgy 


17400 
16800 
17200 
17400 


18500 
18000 
18400 
18500 


15200 
14300 
12500 
14400 


16500 
15800 
15800 
16400 


Metallurgical Combine) 


17160 
16700 


18200 
17760 
18300 
17900 


20300 
20200 
20500 
20500 


16250 
15800 
16400 | 17200 
16100 | 16800 


10-kg samples. 
the top of the pile, specimens 


9 


on 


7 and 8 from the bottom of the pile. 


losses, the method of cold rolling to a 
thickness of 0.35 mm with subsequent high- 
temperature annealing in vacuo can be fully 
recommended. 


B 

NS 

8 
Colwan B 


Colusn 
B, gauss, 


Column A, 


0 0002 00 G00 Column A 

G2 04 G6 G6 jo Column B 

H, AT/an 


In direction of rolling, 1120°, 22 hr. vacuum 
850°, 24 hr, 


Across direction of rolling protective gas 


Fig.2. Effect of heat-treatment 
conditions on magnetic induction 
of cold-rolled dynamo steel. 


In this case the magnetic induction in 


weak and moderate fields can also be raised 
considerably. A good idea of the favourable 


effect of high-temperature annealing on the 
magnetic induction of dynamo steel can be 
obtained from Fig. 2. 

Fig. 3, shows the variation in the 
specific losses of electrical engineering 
steels with silicon content. We know that 
the losses through hysteresis and eddy 
currents in hot-rolled dynamo and transformer 
steel decrease with increase in the silicon 
content (2). Silicon also has an equally 
favourable effect on cold-rolled dynamo 
steel. 


Thickness 0.5 ma 


ection 
of rolling) 


Content of Si, % 


D Cold-rolled sheets 
E (Along direction roiling) 


Fig.3. Relationship between specific 
losses of electrical engineering steels 
and content of silicon. 
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The specific losses of cold-rolled dynamo 
steel 0.5 mm thick can be lowered by a 
further 0.4-0.5 W/kg at an optimum chemical 
composition and at optimum conditions of 
heat treatment by increasing the silicon 
content by 1 per cent (from 1.0 to 2.0 per 
cent). In addition to those mentioned above, 
this very effective means of raising the 
quality of cold-rolled dynamo steel must also 
be borne in mind in the search for new types 
of dynamo steels. 

Some idea of the degree and nature of the 
anisotropy of dynamo steel can be obtained 
from curves 1 and 2 in Fig. 4, plotted with 
the aid of Akulov’s anisometer using Aksenov 
and Grigorov’s method [3]. Along the 
ordinate axis are plotted the normal compo- 
nents of magnetization I, measured by means 
of a ballistic galvanometer. 


G 140 160 60 
/ Angle of rotation 


/ of specimen 
—— 1-E 110, 825-875°, 
24 hr protective gas 
---2-+E£E 110, 1120°, 22 hr vacuum 
—.-.-3- £8 330, 1100°, 3 hr vacuus 


~ 
° 
° 
& 


Fig.4. Curves of magnetic anisotropy of 
cold-rolled dynamo steel after different 
heat-treatment conditions. 

The sample being tested, in the form of a 
disk 35 mm in diameter, was magnetized using 
an electromagnet, the 1 was measured at 
different angles of rotation of the specimen, 
equalling the angle between the direction of 
rolling and the direction of the magnetic 
flux. 


Curve 1 gives the magnetic anisotropy of 
cold-rolled dynamo steel after annealing in a 
protective gas at 825-875°, curve 2 the same 
after annealing in vacuo at 1120°. Curve 3 
is included for purposes of comparison and 
gives the anisotropy of cold-rolled 3.0 per 
cent silicon transformer steel after high- 
temperature annealing in vacuo. 

It will be seen from Fig. 4, the 
anisotropy (type of recrystallization texture) 
of 1.35 per cent dynamo steel after low- 
temperature annealing is of the same type as 
that of cold-rolled transformer steel, but is 
quantitatively far less well-defined. The 
quantity of oriented crystals in dynamo steel, 
that is directly proportional to the mean 
maximum value of the normal component A,, 
does not exceed 25-30 per cent, whilst in 
transformer steel it reaches 70-90 per cent.* 
It was found dynamometrically that the 
critical point Ac,, for dynamo steel contain- 
ing 0.7-1.5 per cent of silicon corresponds 6 
to 923° (4). 

Thus on low-temperature annealing at a 
temperature below the critical point dynamo 
steel does not undergo phase transformations, 
and exhibits a tendency towards growth of the 
most correctly oriented grains. 

The recrystallization texture of dynamo 
steel varies considerably on annealing at 
1120°, i.e. far above the critical point Ac. 

As a result of phase transformations, growth 
of the unfavourably oriented grains takes 
place. Here the curve of anisotropy is 
asymmetrical and is difficult to analyse. 

On low-temperature annealing in a protec- 
tive gas there is generally produced a fine- 
grained structure with grains of non-uniform 
size (from 600 to 900 grains/mm’) with 
thickened, multi-faced and curvilinear 
boundaries. 

After high-temperature annealing in vacuo 
separate inclusions of pearlite are seen in 
some parts of the strip along the boundaries 
of the coarser grains (200-300 grains/m/’ ). 

Much of the steel has a coarse-grained 
structure (25-35 grains/mm”) with rectilinear 
and fine grain boundaries. The elevated 
magnetic properties of cold-rolled dynamo 
steel after high-temperature annealing 


* This value was determined according to the equation An lca, + + a) where 42, 43 
and 44, are the values of the ordinates of the extreme points on the curve of magnetic anisotropy. 
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in vacuo can to some extent be ascribed to a weak and moderate fields is increased. 


decrease in the quantity of harmful impuri- 
ties, and also to a coarse-grained structure. sheets from 1.0 to 0.35 mm the specific 

It should be mentioned finally that cold- losses of coarse-grained cold-rolled dynamo 
rolled dynamo steel that has undergone hi gh- steel fall by one half. The specific losses 
temperature annealing in vacuo, in addition can be further decreased by increasing the 
to its high magnetic induction compared with content of silicon and removing harmful 
types Ell and F12 ordinary hot-rolled dynamo ieecitian. 


steel (smelted in open-hearth furnaces) 
contains only one fifth to one quarter of 
the harmful impurities in them (carbon, 
sulphur, phosphorus and chromium), displays 
far less tendency towards decay of the 


4. The recrystallization texture and the 
magnetic anisotropy of cold-rolled dynamo 
steel are insignificant and decrease with 
rise in annealing temperature. 


magnetic properties, has a higher coefficient Translated by R. Hardbottle 
of density and has fewer differences in 
thickness of the sheets. 
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1. According to the existing physical 
theories [1-4], the final thermal conducti- 
vity of the crystal lattice of insulators 
depends on the anharmonicity of the 
interatomic-interaction potential. Since 
the thermal expansion of a solid body also 
depends on the anharmonicity of the 
vibrations of the atoms of the lattice, 
there is a direct connexion between the 
thermal expansion of the lattice and its 
thermal conductivity. 

The theory of the effect of anharmonicity 
of atomic vibrations on the thermal 
conductivity of the crystal lattice is one 
of the most formidable problems in present- 
day physics of the condensed state of matter, 
and has so far not been solved satisfactorily. 
According to Debye’s findings [1] the mean 
free path of the phonon varies inversely 
with the temperature. From physical 
considerations it also follows that the 
mean free path of the phonon must be 
directly proportional to the interatomic 
distance a, and inversely proportional to 
the square of the coefficient of thermal 
expansion [5]** Further, the theoretical 
investigations of Mott and Jones [6] and 
Dugdale and MacDonald [4,7] showed that 
variation in the electrical, thermal and 
other physical properties of the lattice of 


* Fiz. metal. metalloved., 6, No.4, 745-749, 1958. 


** This result was also obtained by T.A. Kontorova 
(ef. paper read at the All-Union Conference on 
Sepiconductors, Leningrad, 1955). 


a solid body is closely linked with a 
dimensionless parameter 2T, that is called 
the parameter of anharmonicity and is a 
measure of the departure of the lattice 
from harmonic behaviour*. Here a is the 
coefficient of thermal expansion, T is the 
absolute temperature and a = aV/xCy - 
Griineisen’'s well-known relation, V is the 
volume, x is the compressibility and Cy is 
the heat capacity at constant volume. 

From a consideration of these conditions 
the authors of [4] were able to postulate 
that the mean free path of the phonon in the 
lattice of an insulator must be directly 
proportional to the expression 

a 
be = (1) 

The quantitative ratio of the coefficient 
of thermal conductivity to the mean free 
path of the phonon, the heat capacity and 
the rate of propagation of the elastic waves 
of the lattice obtained on the basis of 
kinetic theory has the form 


(2) 


Calculations of the coefficients of thermal 
conductivity according to equation (2) 
carried out in (4) for a series of alkali- 
halide crystals serving as insulators were 

in excellent agreement with experimental data. 


* There is a well-known thermodynamic expression 


for the relationship of the heat capacity at 
constant pressure to the heat capacity at constant 
volume. 
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For metals no such agreement is found, since 
in them the thermal conductivity is governed 
mainly by the conducting electrons. 

2. It has been established that on the 
atoms of a crystal lattice being brought 
nearer together the agency cf an external 
hydrostatic pressure there is a resulting 
decrease in the anharmonicity of their 
thermal vibrations (8), and consequently also 
in the thermal expansion. Direct experimen- 
tal investigation of the relationship of the 
thermal conductivity of a solid body to the 
pressure is an extremely difficult problem 
and so far has not been carried out. It is 
thus of considerable interest to analyse 
theoretically the possible behaviour of the 
thermal conductivity of a crystal under the 
action of an external pressure, proceeding 
from the postulate of the presence of a mean 
free path of the phonon in the crystal 
lattice of an insulator. 

Substituting in equation (1) the value of 
the mean free path according to equation (2) 
and employing the expression for Gruneisen’s 
Parameter, we get a general expression for 
the coefficient of thermal conductivity of 
an insulator. 


(3) 


It should be noted that all the components 
of equation (3), except the temperature T, 
depend on the pressure. A qualitative 
analysis of the relationship between the 
coefficient of thermal expansion and the 
pressure was carried out in [8,9], where it 
was shown that with rise in pressure the 
coefficient of thermal expansion © decreases, 
reaches a minimum at a certain pressure and 
then increases on further rise in pressure. 
In view of the difficulty of carrying 
out such experiments under pressure, the 
change in the coefficient of thermal 
expansion with pressure was measured only 


for alkali metals (lithium, sodium, potassium) 


up to 20,000 kg/cm? [11,12] and for some 
alkali-halide crystals (NaCl, NaBr, CsCl, 
CsBr and CsJ), some of which are insulators, 
up to 50,000 kg/cm? The relationship 
between the pressure and the lattice constant 
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a, the volume V and the compressibility x 
are also well-known from the results of 
measurements made by Bridgman [10]. The rate 
of propagation of the elastic waves in the 
luttice may be determined, as also in the 
case of the propagation of elastic waves in 

a continuous medium, according to the 
equation 


3V 3) 


M(l + (4) 


where C0 is Poisson’s ratio and M is the 
atomic weight. 

Equation (4) shows that at constant © the 
rate of propagation of the elastic waves in 
the crystal increases with rise in pressure, 
owing to a decrease in compressibility (it 
should be noted that for the “anomalous 
metals", such as e.g. cerium, and also for 
certain grades of glass the rate of propaga- 
tion of the elastic waves must fall with 
increase in pressure, owing to an increase 
in compressibility). 

In considering the behaviour of the heat 
capacity under pressure, according to [9] 
two cases must be distinguished. 

1. High pressures (up to 10° kg/cm”) and 
high temperatures. In this range of 
pressures the Debye temperature rises 
slightly, therefore the relation 
is still preserved at room temperatures up to 
pressures of say 10° kg/cm, and according to 
Debye’s theory the heat capacity of the 
lattice may be represented in the form 


where R is a gas constant. 

2. Very high pressures (10° kg/cm? and 
over) and any temperatures. At very high 
pressures the Debye temperature rises 
sharply and, on reaching a certain pressure 
p the relation 6p/T « 1 will no longer 
apply. In this case the heat capacity, as 
we know, must be expressed by the equation 


(6) 
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The resultant effect of the pressure on the 


coefficient of thermal conductivity of the 
lattice of we insulator corresponding to the 
two pressure ranges considered above is 
obtained by inserting in (3) the values of 
the heat capacity Cy and the rate of propaga- 
tion of the elastic waves from (5), (6) and 
(4) respectively. 

For high pressures we have 


42 
where 


1 3R2 (1 — 7,a 
V A=const ) 
According to the experimental data of 
Bridgman [10] and other investigators [12], 

Poisson's ratio changes very little with 
rise in pressure. In the range of pressures 
being considered and on qualitative examina- 
tion 0 may be taken as equal to its value at 
atmospheric pressure O,. 

For very high pressures (where the 
crystal lattice is still preserved) the 
equation for the coefficieit of thermal 
conductivity according to equation (6) will 
have the form 


(8) 


where 


B = const - T°. (8,a) 


It must be stressed that (8) is also 
valid for not very high pressures and low 
temperatures when the criterion Op/T > 1 
still applies for room temperatures. 

3. It is not possible to determine the 
coefficient of thermal conductivity 
according to equations (7) and (8) quanti- 
tatively at any pressure for most of the 
crystals serving as insulators, owing to the 
absence of reliable theoretical and experi- 
mental data concerning the variation in the 
thermal expansion and in the heat capacity 
with pressure. However, some qualitative 
remarks can be made concerning the relation- 
ship of the thermal conductivity to the 
pressure, that is determined by equations 


Thermal conductivity of insulators 


(7) and (8), and an estimate is made also 
of the relationships of these quantities to 
the corresponding values at atmospheric 
pressure. 

An estimate of this kind can in fact be 
made for some alkali-halide crystals serving 
as insulators, for which there are available 
experimental data concerning the change in 
the coefficient of thermal expansion in 
relation to the pressure in the range up to 
50,000 kg/cm?. 

In the pressure range up to 10° kg/cm’, a 
change in the Debye temperature with pressure 
brings about a slight decrease in the 
coefficient of thermal conductivity governed 
by equation (7). Ignoring this slight 
correction, equation (7) can be simplified 
to take the form 

K,= (7,b) 


The ratio of the thermal conductivity at a 


given pressure to that at atmospheric pressure 


is 


The results of calculations made using this | 
equation are given in Table 1. It can be 
seen that in the range of pressures being 
investigated the thermal conductivity of the 
lattice of an insulator increases with rise 
in pressure. Nothing can be concluded from 
Table 1 however as to a connexion between 
change in the coefficient of thermal 
conductivity and the pressure and the lattice 
structure. 

It is of interest to establish a connex- 
ion between the change in the coefficient of 
thermal conductivity with pressure and the 
analogous change in the compressibility. 
This is possible if we use the theoretical 
expression for the relationship of the 
coefficient of thermal expansion at atmos- 
pheric pressure to the corresponding 
coefficient at the pressure p, a, /a obtained 
by Birch [13] on the basis of the theory of 
final deformations developed by Murnagan. 
This expression has the form 


a,/a= 1+ nxp, (10) 
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from each other. In the range of pressures 

investigated the Debye temperature Sp rises 
(10, a) the whole time. Thus the predominant factor 
in equation (11) will be (6/Op)°, and the 
increase in the thermal conductivity in a 
given range of pressures will evidently be 
retarded a little initially, then a maximum 


n is a quantity that for most materials, 
according to data in {13], varies between 3 
and 10, 


TABLE 1 


For p = 50 000kKg /cm? 
Material Lattice structure ao/a K,/Ky 
theoret 


Na Cl Face-centred cubic 
Na » 
CsC Simple cubic 
Cs Br » 
Cs J » 


From equation (10) it follows that at a value will be reached and it will then start 
given pressure p, the ratio will be a func- to fall sharply on further rise in pressure. 
tion solely of the compressibility of the Within the framework of this investigation. 
material. Thus, according to equation (9) however, it is impossible to draw any 
it can be confirmed that the ratio K ,/K, definite conclusions as to the behaviour of 
also will be governed mainly by a change in the relation K,/K, at ultra-high pressures. 
the compressibility, and the coefficient of At such pressures the solid body will 
thermal conductivity K, at a given pressure evidently be in the condition of an electron 
will be greater in insulators of low plasma, to which the above phenomenological 
compressibility than in those of high study of behaviour of the thermal conducti- 
compressibility. vity under pressure is no longer applicable. 

At very high pressures and at any It should be stressed that in the qualita- 


temperature at which the crystalline struc- tive investigation of the behaviour of the 


ture and the shell electron structure of the thermal conductivity of the lattice of an 
atoms of the material are preserved, for a insulator under pressure no account was taken 


qualitative estimate of the behaviour of the of the polymorphic transformations and of the 


thermal conductivity on rise in pressure change in the structure of the electron 


uation (8) must be used. In this case the energetic spectrum of the lattice due to 
sci of the thecehl conductivities is electron transitions that are liable to take 
ratio 


place and that may to some extent change the 
Ko Vo 


8D ’ (11) vity of the lattice of an insulator under the 


agency of an external hydrostatic pressure. 
where & is the Debye temperature at Translated by R. Hardbottie 
atmospheric pressure. 

In [9] it was shown theoretically that at 
very high pressures the coefficient of 
thermal expansion of a solid body continues 1. P. Debye, Vortrage ber kinetische Theorie 
to fall, reaches a minimum and then starts (Lectures on kinetic theory) Leipzig(1914). 
2. R. Peierls, Ann.d.Phys., 3, 1055 (1929). 


city due to a sharp increase in the forces 
3. R. Peierls, Ann. Inst. Henri Poincare., 5, 
of repulsion between atoms at short distances 77 (1935), 


V 4 pattern of behaviour of the thermal conducti- 
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CALCULATING THE CORRELATION IN A SYSTEM OF PARTICLES USING 


GREEN'S DOUBLE PARTICLE FUNCTION* 
L. Ia. KOBELEV 
Urals A.M. Gor’kii State University 


(Received 16 April 1957) 


1, The behaviour of a system of non-relativistic particles can be characterized fully 
with the aid of a Green's function of the system Gy (%y...Xy; a... A ). The Gy function 
enables the condition of the system to be determined at any moment of time if the wave 
function of the initial condition is known. As was shown in [1] (cf. also [2]), on approxi- 


mation to a self-congruent field the behaviour of a system of particles is described by a 


single-particle Green’s function governed by Schwinger’s dynamic principle [3]**. Here the 
processes of virtual interaction between an electron in a self-congruent field and this field 
are accurately accounted for, but owing to the Green’s function being a sinzle-particle 
function, no correlation between the electrons can be taken into account. To take correlation 
into account a "chain" of single-particle, double-particle, etc. Green’s functions must be 
introduced similar to the chains of distribution functions in the theory of kinetic equations 
[5,6]. Unlike the usual equations for the density matrix, the kinetic equations derived from 
the equations for the chain of Green’s functions will take inte account virtual processes 
occurring on the interaction of particles with each other. 
2. In accordance with [3,1], we shall determine the Green’s function of a system of 

electrons by the expression 

G 


where $(X,.. Xy) is the operator wave function of the system and 7 (X) is the external 
source of the itth electron. 
The density operator of the Lagrangian function of the system has the form 


(x,) (x1 | + > [y* (x1 (x1) 0(4y)] + 


1 
Hermition conjugate members + {F,,, 0, A,—0,A,} +J,A, + 
i=l, 2, 3; 1, 2, 3 
“Fiz. metal. metalloved., 6, No.4, 750-753, 1958. 


The application of a Green’s function to the description of the behaviour of a system of particles 
was considered in [4]. 
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and leads to the equations of the system of electrons 


LA, (x,) = Jy (x)... Jy + jy, 


2 
ay] 

Averaging equations (4) and (5) according to the condition of vacuum and ignoring 
magnetic interaction, we find 

' N N 

a=] a=! 


= (41) 1 (ty), 
Ay (x,) ) (x1) eee Jo (xy) + ie (xy By) Sy) 


To evaluate <A,(%. )}(%,-.xy) > we use Schwinger’s dynamic principle. 
According to [3]. 


Ay ) (x1 XQ), 


Jo (x1 xy) = Jo (x1) Jo (Xy) 


where (8,a) 


and the variation is determined by the change in the functions of all the éxternal sources. 
Using the relationship [3] 


COL) af [ (BL) (WL) dx, dey, (9) 


(x1... ty)? 


Inserting (10) in (6) and differentiating equation (6), varying N times according to 7) (X,), 


we get, taking equation (2) into account: 
N 


N N 
li, 2, (x1 —x;,) t (i... dy), 
ath... iy) 
e(i,...iv) = +1; pfi,.-.-iv)- are all the possible transpositions of i. 


The expression <A,(x.)> appearing in equation (11) is determined by the equation 
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N—! 
m 


After being varied N times according to /,(x;) equation (13) gives 


—O D(x,... xy; xy) = = 118 (x; —«;) + 
1<i<N 
N—-1 


We now introduce the s-th Green’s function of the chain by the relationship in [7] 
s—l 


Gy (41 = Cy (x, ...%5) 
(for simplicity the times of all the X; or X; can be considered as being equal). 
Then the s-th Green’s function is determined by the relationship 


N-1 
m 


From equations (11) and (13) it will be seen that the chain equations for the Green’s 
functions of electrons depend to a large extent on the form of <A,(X.)> and of 8/8j9 Gy. 
The final term in equation (11) may be expressed by means of the interaction operator I1,2..N 
of the particles. 

We shall write the first equation of the chain, ignoring the surface effects and the 
final term of the left-hand side of equation (11). After integration according to the co- 
ordinates N-1 of the particles 


( Ag (x 


In the special case 


1 n(n— 1 
om ( (Ao) G2 xa) dx, dx, = 


= 3 (x1 x1). 
Assuming, at an approximate solution 


(Ag) = —if V (x, — Gy, 9 Sum) ax, = V (x, — Xa), 


n(n— 1) 


Gy (41 x} Xp) dx = (x—x’), 


Assuming that G, 2 is a multiplicative term (G, (2 = G,, G,) equation (20) gives the equation 
for the density matrix [6]. It is not difficult, siiiemiatiai to [3], to express 8/3 j5 in 
equation (11) by interaction operators and to write the equations for the chain clearly. 

I take this opportunity of expressing my deep gratitude to Professor S.V. Vonsovskii for 
his comments on this work. 


Translated by R. Hardbottle 
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PROBLEM OF THE DESCRIPTION OF ELECTRON-—ION PLASMA* 
L. Ia. KOBELEV 
Urals " A.M. Gor’kii State University 


(Received 15 April 1957) 


1, The classical and quantum kinetic equations of electron-ion plasma [1,2] do not take 
into account virtual processes occurring on the interaction of the electrons and the ions with 
the self-congruent field of the plasma. As was shown in [3], on approximation to a self- 
congruent field the virtual processes are taken into account in describing a system of 
interacting particles by Schwinger’s equations for a non-relativistic Green’s function’ ). 


G(xx’)= i 4’) 


It is not difficult to obtain an equation for the Green’s function of a system 


as comprising two types of interacting particles (e.g. electrons and ions). Let us consider the 
958 Lagrangian 


0 1 0 
l 


| 
2m, 2 


l 
+Hermition conjugate member -++ 


In (1) =1,2) are the operators of origin and absorption of electrons and ions 
interacting with a self-congruent field of a system; A, (x) (4 =0,1,2,3) is the vector 
potential of the electromagnetic field produced by all the particles of the system. 
Ty» TN, and I, are the external sources of the electronic, ionic and electromagnetic 
fields anticommtates with and 4. ). Variation of the transformation function of 
these fields according to the external sources [5] gives the equations for the Green's 
functions: 
e 


1 3 
Ag (x’) ) — ie 


Vi Aix’) = —x’), 


(«Ailey 
mo 


(x’) 


t Fiz. metal. metalloved., 6, No.4, 754-756, 1958. 


+ The application of a Green’s function to the description of a system of non-relativistic particles was 
discussed in [4]. 
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Description of electron-ion plasma 


—  D, (xx’) = 4 (x — x’) + ie (xx) — 9 (xx)]; 


g 


ie 4 l l 
— OC Ag Jo + (xx) — Gy, (xx); =Ji+ 


1 


ie 
O41 — (A, ) = 0 (5) 


1 
In equations (2) to (5) G,, (XX') is a one-part Green’s function of an electron interacting 
with a self-congruent field of the remaining electrons and ions, taking into account the 
boundary conditions on the 0 — surfaces; G,, (XX') is an analogous function for an ion. 
2. The dispersion relation for electron-ion plasma is determined from equation (4) by 
means of approximate values for the Green's function and for the peak value. Here the peak 
value is governed by equation (5): 


4 


using matrix notation for the photon and ordinary co-ordinates of the particles. Ignoring 
magnetic interaction it is easy to see that 


2 
x2 = ie? j G° (x — x; X2) G° (xq — x) exp [ix — x)] didx,dxq. (7) 
a=] 
Selecting [° (& x, X,) in the form of a function depending solely on the differences 
between the variables (cf. [6]), we get the dispersion relation 


x? ie? [G9 (x1) (wrx) GO (1 — (Rr) TS (mi GY — Ons], (8) 


that is a generalization of the dispersion relation for electron-ion plasma taking into 
account the virtual interactions of the electrons and ions with the self-congruent field of 


the plasma. 
3. On approximation using a two-part Green's function of the electrons and ions of the 


plasma by, (x1) 2% (x5) where x, and x, are the co-ordinates of an electron 
and an ion in self-congruent fields the equation for the photon Green’s function retains the 
form of equation (5), but additional terms appear in the equations for the electron and ion 
Green's functions. To derive equations taking into account the double-particle approximation 
of the Green’s function of the electrons and ions, calculations must be made similar to those 
in [5], taking into account the form of the Lagrangian operator of the particles. In external 
appearance the equations will coincide with that of Schwinger for a double-particle Green’s 
function 


mal A,—¢,¢ Ag) + Gio = 
9 
= (x; — 2x1) —8 (x1 — 45) G5 (x21) ( ) 
(ame 1, 2) 


or in a more symmetrical form 


| 


1 


eet 
— bg Ao) + Ma| —Jis\Gie= 
ot 2m, 


(x, +2) = 8 (x1 —x}) (x2 — x9) (x1 x}) 3 (x2 —x;) 
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and the interaction operator in symbolic notation 
3 
J12 Gig = de? [IT 2D] Gig + ie? [12 (J 12Gi2). (12) 


Equation (10) is an approximate equation determining a double-particle Green’s functions 
of electrons and ions. In the equation interaction of the electrons with each other is taken 
into account, not by means of a double-particle function, but by a single-particle Green’s 
function. Inserting the approximate value of the interaction operator 


mm (x1%9)[ 8 (x1 — x1) 8 (x2 — — 8 (x1 — 25) (x2 — (13) 
into equation (10) and integrating equation (10) according to x, and ti. we get the equation 


amy 


1 


Equation (14) determines the Green’s fur.ction of particles of one type taking into 
account their interaction with particles of a different type. It should be noted that so far 
no approximation to self-congruence of interaction has been introduced in describing the 
interaction of electrons and ions. 

4. Let us consider a system of electrons and ions on approximation to a self-congruent 
field: G,, 7G G, : Equation (14) takes the form 

1 (15) 
— ie? D, (x, xs) (Gs (xa xa) Gi (x1x;) — Ga (x, xa) Gy (x2 x1)) dxy=%(x—x’). 


When all the particles are of equal mass and of equal charge equation (15) turns into 
equations of a self-congruent field containing 2N particles. To take into account the effect 
of correlation between electrons and ions on the dispersion relation equation (8), the Green’s 
function of the electrons (ions) must be found from equation (14) - (15). 

I take this opportunity of expressing my gratitude to Member-Correspondent of the 
Academy of Sciences S.V. Vonsovskii for his comments on the results and for his valuable 
criticism. 

Translated by R. Hardbottle 
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DISCUSS1ON* 


ON THE PAPER BY V.M. FINKEL’, 


"CRYSTAL LATTICE DISTORTIONS IN 


COARSE- AND FINE-GRAINED STEEL DURING COLD PLASTIC DEFORMATION" 


O.N. 


SHIVRIN 


Pet rozavosk State University 


(Received 28 January 1957) 


Over a wide range of permanent strains 
(up to 80 per cent), V.M. Finkel’ observed 
practically no change in the density of the 
(310) line for coarse-grained steel in Co 
radiation. Under the same conditions the 
density of the (211) line (Cr-radiation) is 
1.4 times as great as in the initial state, 
but again does not depend on the degree of 
strain. 

The described facts are of great practical 
interest, but their interpretation calls for 
some comments. 

I. It is known from published data 
{1, 2], that the breaking down of the mosaic 
structure, which causes a weakening of the 
extinction effect, is practically complete 
after 8-10 per cent permanent strain; on 
further deformation one would expect the 
line density to fall off as type III distor- 
tions developed. 

We have observed this phenomenon when 
turning Steel 2 at small depths of cut and 
with increasing feeds, and also in the 
static compression of brass and copper. In 
all cases the density of the diffraction 
lines increases only up to a certain 
limiting strain. 


II. The density of the diffuse background . 


is associated with the magnitude of the type 
III distortions, but not with the extinction 
effect, and therefore its constancy when 
coarse-grained metal is strained is a com- 
pletely incomprehensible fact. However the 


* Fiz. metal. metalloved., 6, No.4, 757-760, 1958. 


extinction masked the weakening of the line 
density as the type III distortions increased 
(and with 80 per cent permanent strain they 
must have been considerable), their effect 
must have been revealed, namely in the change 
of background density; why was this not 
observed? 

III. It must be noted that the breakdown 
of the mosaic blocks produces first a 
weakening of the primary extinction effect, 
in direct relationship to the block size, 
and secondly, only indirectly (due to the 
increased degree of misalignment of the 
blocks within individual crystallites), a 
weakening of the secondary extinction effect. 
A metal may be very coarse-grained, yet not 
exhibit the secondary extinction effect, if 
only the crystallites approach the ideal in 
structure; finally, in relatively fine- 
grained metals the secondary extinction 
effect can be considerable even if the 
angular scatter of the blocks within each 
crystallite is not very great. 

Depending upon whether a polycrystalline 
test-piece exhibits only primary or only 
secondary extinction or finally if both 
effects are superimposed, the change in line 
density due to straining will have its own 
particular nature. In the presence of 
Primary extinction only, as was proposed by 
Averbach [3,4] (why did the author ignore 
this?) the change in density even of high 
order reflections, as can easily be proved, 
can be slight, whilst the presence of 


secondary extinction [5,6] particularly when 
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texturization may occur [7], can lead to 
opposite results. Therefore, the author’s 
contention that the observed phenomenon is 
entirely and solely due to secondary 
extinction is not fully substantiated; in 
the case under discussion the effect of 
texture could have proved very much more 
power ful. 

IV. The difference (very slight and 
scarcely exceeding the error limit) between 
the values in the [310] and [211] 
directions can be explained not only by 
anisotropy of the type III distortions, but 
also by the different depths of penetration 
of the cobalt and chromium characteristic 
radiations. 

A number of authors have abandoned the 
hypothesis of a weakened surface layer in 


which the minor distortions are balanced out. 


In the last resort the problem of whether 
one suggestion or another is valid can only 
be decided by further experimentation. 


Translated by E. Bishop 
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Siberian Metallurgical Institute 


(Received 1 April 1957) 


In my paper [2], notwithstanding the 
metallographic coarse- and fine-grained 
nature of the Steel 3 and heat-treated rail 
steel, the sizes of the regions of coherent 
diffraction do not exceed: for steel 3 at 2 
per cent strain, 1.7 x 1075 and at 4 per cent 
1.4 220°" cm; for the rail steel the size 
of the mosaic blocks is one order smaller, 
i.e. roughly 107° cm; at 10 per cent strain, 
for example, it is 2 x 10°° cm. Thus, for 
both steels the primary extinction effect is 
completely excluded, since for coherent 
diffraction regions of these magnitudes, 


primary extinction ts almost non-existent 
(3, 4]. 


At the same time, to explain the 
stability of the (310) line density during 
deformation, there must be in operation 
physical factors which tend to increase the 
line density, thus compensating for the 
reduction associated with the effect of Type 
III micro-distortions. Since the Type III 
distortions can develop over a wide range of 
degrees of strain, the opposing factors must 
operate over the same range. These factors 
may be secondary extinction and texture. 

The secondary extinction may probably 
operate (i.e., diminish) over the entire 
range of strains. In the earliest stages of 
strain, the diminution is connected with 
fragmentation processes and the resultant 
loss of alignment of the mosaic blocks, in 
the subsequent stages with progressive loss 
of alignment [5], not directly associated 
with fragmentation. 

In contrast to secondary extinction, the 
primary extinction effect (in a coarse-mosaic 
aggregate), being caused only by the fragmen- 


tation process, would completely disappear 
in the early stages of strain, increasing 
the intensity of the diffraction, and would 
not operate subsequently, whereupon the 
Type III distortions could reduce the 
intensity. 

Shivrin experimented with brass and copper, 
in which mosaic block size is undoubtedly 
10-100 (possibly even more) times greater 
than in steel. The maximum on the curves he 
obtained is apparently connected in fact with 
the primary extinction effect. 

On quenching high-carbon steel, a structure 
is produced which is sub-microscopically non- 
uniform and is characterized by the small 
size of the blocks and their misalignment. 
This circumstance probably leads to a reduc- 
tion, possibly even to elimination, of the 
secondary extinction. This fact, in my view, 
is the basic cause for the change in the 
shape of the density curve with increasing 
strain, in turning from Steel 3 to quenched 
and tempered rail-steel. 

I did not take into account the effect 
of texture, either direct [6] or indirect, 
through the secondary extinction; it is not 
impossible that it could have been consider- 
able, in particular for the (211) plane, 
which is one of the possible planes of 
preferred orientation. Regarding the density 
of the (310) line it is known that only 
slight variations are observed in fatigue 
testing [7] and in rolling [8] where 
texturization occurs, though it is not of 
course equivalent to that occurring in 
compression. However, since in my work and 
in those referred to the picture is the same, 
it can be concluded that the texture effect 
plays a secondary role in the (310) line den- 
Sity. 
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Finally, it is difficult to anticipate a 
radical change in texturization in turning 
from St.3 (for which I(310) is constant 
whilst I(211) increases with increasing 
degree of strain), to quenched and tempered 
rail steel (for which both (310) and I(211) 
fall with increasing strain), whereas this 
must have been the case, if the results 
obtained are referred only to texturization. 

Shivrin’s surprise in the matter of the 
constancy of the background in strained Steel 
3 is incomprehensible. Associated with the 
lower stress level of the deformation 
process in this as against high-carbon steel, 
one must also expect smaller lattice distor- 
tions and consequently smaller background 
variations, coming within the limits of 
error, since even in the rail steel the 
backgrouna variation does not exceed 7-8 per 
cent. 

Due to the fact that the background 
variation during plastic deformation is in 
general small, it is obvious that, with 
photographic recording of the diffraction 
radiation, background cannot be used as a 
practical criterion of the degree of lattice 
distortion. 

As regards Shivrin’s comment on anisotropy, 
the following remark is made. The concept of 
anisotropy of the Type III micro-distortions 


- does not conflict with generally accepted 


opinions, although in some researches [9] it 
has not been detected. I agree that for an 
unequivocal solution to this problem, account 
must be taken of preferred orientation and 
the different depths of penetration of the Co 
and Cr characteristic radiations into the 
metal. However, it seems to me superfluous 
to drag into this matter the weakened layer 


Discussion 


hypothesis, since there may be unstable 


elastic distortions in the surface layer, 
whereas the Type III micro-distortions are of 
a non-elastic nature (this, of course, does 
not refer to the single-atom surface layer). 


Translated by E. Bishop 
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COMMENTS ON THE REPLY BY V.M. FINKEL’ [1] 


O.N. 


SHIVRIN 


Petrozavodsk State University 


(Received 10 April 1957) 


1. In his reply, V.M. Finkel’ gives the 
size of the coherent diffraction regions 
(c.d.r.) for the materials under investiga- 
tion, which was omitted in his paper [2]. 

The figures given do in fact completely 
exclude any influence, due to the primary 
extinction effect, on the (211) and (310) 
line densities, but I did not state that 
such an influence could occur. 

On the contrary, I emphasized (of 
section III in [3]), that the secondary 
extinction is not directly connected with 
the size of the c.d.r., but that such a 
connexion only exists in respect of primary 
extinction. I wished to draw attention, on 
this point, to the known contradictory 
hypothesis on the correlation between the 
c.d.r. size and the Type III distortions 
[2], confirmed by reference to the paper by 
Averbach [4] who takes into account only the 
primary extinction, and to check that the 
primary extinction effect is absent. 

2. It must be noted that the data given 
in [1] on the sizes of the c.d.r. give rise 
to doubt as to their reliability. Thus, for 
quenched and tempered rail steel the c.d.r. 
size is given as D = 3.8 x 10°” cm (at 10 
per cent strain). Substituting this value 
in the Seliakov formula, the (310) line 
width in cobalt radiation works out at 


0,165 3.8- 1077 


B= — = (0,285 redians or 16°! 
This broadening is due solely to the 
small size of the c.d.r., without taking 
into account Type II distortions, which make 
their contribution to the total line 
broadening. It is quite obvious, that the 


background in general will be obscured in 
the extreme broadening, and nothing can be 
said regarding changes in its density; 
consequently, these c.d.r. sizes are clearly 
erroneous and are worthy of no confidence. 

The size of the c.d.r. for Steel 3 is 
probably also under-estimated, although this 
can only be suggested tentatively, since the 
measuring technique is not specified in [1]. 
Actually, according to data by Rovinskii 
[5,6] for annealed steels 15 and U8 (annealed 
1-3 hr at 700°C) D = 3.6 to 2.2 x 107° om, 
whilst after 20 per cent strain D = 6 x 107° 
em. In [2], the steel 3 was annealed for 5 
hr at 920°C, and because of the rapid rate 
of recrystallization, the sizes of the c.d.r. 
were able to reach 10°* cm. It is improbable 
that the c.d.r. size should be reduced 100- 
fold after small amounts of strain (2-4 per 
cent). 

I have measured the c.d.r. size for 
Steel 45, annealed for 1% hr at 950°C (i.e. 
under almost the same conditions as in [2]), 
Measurements made by a technique analogous 
to that in [7], gave ac.d.r. size of D = 3 
to 4x 10°* cm; after 10-12 permanent 
elongation, the c.d.r. size determined by 
the method of harmonic analysis, is 8 to 10 
x 10°° cm, in good agreement with Rovinskii’s 
results. 

3. The suggestion that the secondary 
extinction falls off over the entire range 
of strains [1] cannot be regarded as 
adequately well-founded, because the pro- 
gressive disorientation of the c.d.r. leads 
to its very rapid disappearance. Even at an 
angle of misalignment of about 30-40’, the 
effect of secondary extinction is vanishingly 
small and further rotation of the c.d.r. does 
not lead to any notable change in this effect 
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Finally, Finkel’s reference to the papers 
by Hirsch, Gay and Kelly (which he quotes not 
in the original but from Pines, who gives an 
account of some of these papers) on the study 
of the progress of plastic strain by the 
m?crobeam method, does not confirm his point 
of view. In these papers X-ray determina- 
tions were made not of the c.d.r. size but of 
the crystallite size. (In the original they 
are called "grains" and "particles"). For 
such particles, their size after maximum 
strain was 1-3u, but, if the angular broad- 
ening of reflections from individual particles 
is taken into account, we obtain for the 
c.d.r. size a figure of the order of 1 x 1075 
cm, which agrees with my values, but not with 
Finkel’s [9,10]. 

It goes without saying that the data on 
angular misalignment given in [9] also refer 
to "particles", not to the c.d.r. 

4. The effect I.observed, of the increase 
in background density in brass and copper, 
cannot be due to the primary extinction 
effect, as is suggested in (1], since its 
effect on the background becomes disappearing- 
ly small already at c.d.r. sizes of 10°* cm. 
In my case, the c.d.r. size, measured by the 
Kurduimov and Lysak methods [11] and by 
harmonic analysis, was 4 x 10°75 cm for 2 per 
cent strain,0.9 x 1075 cm for 5 per cent 
strain and 4 x 10°® cm for 20 per cent strain. 

5. I shall not take it upon myself to 
refute Finkel’s statement that the nature of 
the texturization in Steel 3 and in rail steel 
is identical. I shall only point out that 
very small additions of certain elements can 
lead to a radical change in the nature of 
texturization [12]. Without experimental 
verification of this statement it is senseless 
to argue on the causes producing the changes 
in line density described by Finkel’. 

Finkel’s proposed explanation of the 
changes in line density as a function only of 
secondary extinction I regard as insufficient- 


ly convincing. Equally unconvincing, as the 
author himself admits [1] are the data on the 
nature of the change in radiographic back- 
ground as a function of the degree of strain 
in the specimen. 

Unfortunately the data given in Finkel’s 
reply confuse rather than clarify the 
essence of the matter. The only numerical 
data there presented on the size of the 
c.d.r. are, as already pointed out above, 
doubt ful, whilst the reasoning given is un- 
convincing. 


Translated by E. Bishop 
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COLD-WORKING OF METALS UNDER HYDROSTATIC PRESSURE 


V.A. GLADKOVSKII 


Institute of Metal Physics, Branch of the Academy of Sciences 
of the U.S.S.R. 


(Received 27 October 1957) 


It is generally considered that the work- 
hardening, which determines the mechanical 
properties of cold-worked metal, depends 
mainly on the amount of cold deformation. 

The nature of the stressed state under which 
the metal is cold-worked, affects work- 
hardening to a very much small extent. 

In our case an attempt was made to find 
the effect of cold-working by elongation 
under conditions of high hydrostatic pressure 
on the mechanical properties of certain 
metals. Such experiments apparently make it 
possible to estimate in a straightforward way 
the effect of the spherical stress tensor on 
the process of plastic deformation and work- 
hardening in metals, which is of considerable 
value not only for the further clarification 
of the theoretical ideas developed by 
Academician Davidenkov [1] but also for 
solving certain problems associated with the 
working of metals under pressure. 

The tests were carried out on the metals 
and alloys for which the chemical compositions 
and heat treatment conditions are shown in 
Table 1. 

The test-pieces were first cold-worked 


by elongating the metal under high pressure 
to various degrees of strain and were then 
tested in uniaxial tension under atmospheric 
pressure. 


125 T | 
Steel 


(P.5 %C) 


100 


75 


True reduction e % 


Fig.1. Tensile test diagrams for St.50 specimens 
@-@- after coldworking by elongation (e€ - 15 
per cent) under 3500 atm, pressure; 


0-O- no coldworking; 


A-A- after coldworking by elongation (€ - 40 
per cent) under 3500 atm, pressure. 


The cold-working under pressure was 
carried out in a special equipment for study- 
ing the mechanical properties of metals under 
high pressure [2]. The tests on the specimens 
under atmospheric pressure were carried out 
on a Type Im-4R machine. The diameter of the 


TABLE 1 


Chemical composition % 


Material 
G | Mn 
| 


Steel 50.... 


! 


Heat Treatment 


Quench, temper at 700°C 
Anneal at 600°C 
Water quench from 800°C 


* Fiz. metal. metalloved., 6, No.4, 761-768, 1958, 
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test-piece neck was measured with a dial- 
gauge indicator with an accuracy of up to 
0.02 mm. 

Fig.1, shows the tensile test diagrams 
for St.50 test-pieces. The total true 
strain is plotted along the abscissae and the 
true stress (in kg/mm’) along the ordinate 
axis. As can be seen in Fig.1, after St.50 
had been cold-worked under a pressure of 
3500 atm, no notable change could be 
detected in the mechanical properties of the 
material. Analogous results were obtained 
for copper, cold-worked under pressure up to 
2,500 atm. 

In the case of beryllium bronze, as the 
degree of cold-work is increased, the 
capacity for concentrated plastic deformation 
increases notably, and the rupture strength 
is also raised. After cold-working specimens 
by 44 per cent under a pressure of 3200 atm, 
the rupture strength increased by 15 per cent, 
whilst the true reduction of area increased 
by 21 per cent. In normal conditions, 
beryllium bronze can only be cold-worked by 
elongation up to 80 per cent (according to 
our results) after which the test-piece 
ruptures. However, under a pressure of 3000 
atm, we were able to cold-work beryllium 
bronze to 96 per cent in the neck; tensile 
testing following upon this showed that the 
limiting true strain in the test-pieces 
reached 120 per cent. 

According to the results of X-ray 
structural analysis [3], cold-working of 
beryllium bronze under pressure is accompanied 
by a somewhat larger increase in the crystal 


lattice parameter than after normal cold- 
working by elongation. It would appear 
possible to conclude that the increased 
mechanical properties of quenched beryllium 
bronze after cold-working under pressure are 
associated with additional precipitation of 
the hardening ganma-phase. However, 
according to the Le Chatelier principle, an 
increase in hydrostatic pressure must retard 
a transformation which involves an increase 
in volume. Thus the marked change in the 
mechanical properties of the bronze after 
cold-working under pressure must apparently 
be associated not with the metastable 
nature of the alloy, but with anisotropy and 
residual stresses set up during working [4]. 
As for our tests on St.50 and copper it 
should be noted that preliminary cold-working 
in the range of hydrostatic pressures from 
2000 to 3000 atm, produces no permanent 
changes whatever in the mechanical properties 
of the metals. 


Translated by E. Bishop 
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In quenched super-saturated solid 
solutions of carbon in iron, a number of 
anomalies are exhibited in the changes of 
ductility properties during subsequent 
breakdown on tempering. One of these 
anomalies is reversible temper brittleness. 
This type of brittleness is mainly exhibited 
in iron-carbon alloys alloyed with such 
elements as Cr, Mn and Si and also with many 
combinations of these elements, at carbon 
contents between 0.20 and 0.45 per cent. 
These alloys represent a wide class of 
constructional alloy steels. The phenomenon 
of reversible temper brittleness, as is well 
known, consists of a fall in the impact value 
for the quenched steel after tempering in the 
range 450-575°C or as a result of slow cool- 
ing after tempering at 625-675°C, or again 
when steel, previously tempered at fairly 
high temperatures and cooled rapidly, is 
tempered for a prolonged period at 450-575°C, 
The main method of reducing the develop- 
ment of temper brittleness is by alloying the 
steel with molybdenum. It has also now been 
established that embrittlement can be 
minimized by means of special heat treatment 
conditions, comprising a combination of 
plastic deformation in the austenitic state 
with quenching under conditions which prevent 
recrystallization of the work-hardened 
austenite [1-4]. The result of using this 


thermo-mechanical treatment is that after 
tempering in the temper brittleness range, 
the brittle transition-temperature is con- 


siderably reduced (3], whilst at all test 
temperatures brittle fracture is prevented on 


MECHANISM OF THE EFFECT OF PLASTIC DEFORMATION 
AUSTENITIC CONDITION ON TEMPER BRITTLENESS 
SOKOLKOV and S.N. PETROVA 


Ural Institute of Metal Physics, Branch of the 
Academy of Sciences of the U.S.S.R. 


(Received 7 December 1957) 


IN THE 


austenite grain boundaries which existed 
when the steel was heated before quenching 
[4]. 

The brittle transition (cold brittle 
temperature) is closely associated with the 
ratio between the yield strength and 
cohesive strength of the material. It is 
known that for the case of temper brittleness, 
the high transition temperature is due to 
reduction in the value of cohesive strength 
(s]. 

In this connexion it seemed of interest 
to find the cause of the reduction in the 
brittle transition temperature of temper 
brittle steel as a result of using thermo- 
mechanical treatment. It has been suggested 
that the observed reduction in brittle 
transition is due to an increase in the 
cohesive strength. This suggestion appeared 
to be probable mainly because the method of 
treatment referred to leads, as has already 
been stated, to the suppression of brittle 
failure along the austenite grain boundaries, 
which is typical of temper brittleness, 
whereas the weakening of the grain boundaries, 
in the development of phenomena which produce 
temper brittleness, appears to be the cause 
of a reduction in cohesive strength. 

In order to check this suggestion, a 
deturn. \ation has been made of the cohesive 
strength value for steel 20KHNZ. After 
quenching from 125°C and tempering for 4 hr 
at 550°C following a preliminary 650°C temper 
with rapid cooling, steel 20KHNZ had an 
impact value of 1.5 kg/cm’, with a well- 
developed brittle intercrystalline fracture*. 


* The increased quenching temperature was used for 
improved observation of embrittlement, and also 
to produce the largest possible grain size, which 
would make it easier to determine the cohesive 

strength. 
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Thermo-mechanical treatment was carried 
out by deformation, by rolling at 23 per cent 
reduction in a laboratory rod-mill. The 
rolling speed was 5.7 m/min. The heating 
temperature, as in the treatment of the 
control specimens, was 1250°C, but the 
deformation was carried out at 900°C (after 
cooling down from 1250°C). It was necessary 
to lower the rolling temperature to 900°C so 
as to ensure suppression of recrystallization 
in the worked austenite. The deformed 
specimens were quenched directly after leaving 
the roll grooves, in such a way that the 
period elapsing from completion of rolling to 
the instant of quenching was 0.1-0.2 sec. 

The size of billets produced after rolling 
was only suitable for the preparation of 
tensile test-pieces of reduced size, with a 
diameter of 3.5 mm in the gauge length, and 
of impact test-pieces of non-standard 
dimensions 8.5 x 8.5 x 55 mm. Similar test- 
pieces were prepared from billets which had 
undergone normal quenching. The impact and 
tensile test-pieces were made after the final 
heat treatment, i.e. 4 hr tempering at 550°C 

The specimens which had been plastically 
deformed were tempered together with the 
control specimens. The notch in the impact 
test-pieces was also machined after heat 
treatment. The notch was machined, using an 
emery wheel, to a depth of 1.5 mm, with a 
width of 2 mm and a radius of curvature of 
1 mm in the root of the notch. The results 
of the impact tests showed that, whereas 
after normal quenching and tempering under 
embrittlement conditions the impact value, as 
already mentioned, is 1.5 kg/cm”, after 
thermomechanical treatment its value increases 
to 14 kg/cm”, i.e. by a factor of 10 times. 
At the same time no visible signs can be found 
of brittle failure along the austenite grain 
boundaries; the fracture is fibrous with a 
large extension in the root of the notch. 

The cohesive strength was determined on 
smooth tensile rupture test-pieces at the 
temperature of liquid nitrogen. The tests 
showed that the test-pieces which have under- 
gone normal quenching and tempering under 
embrittlement conditions fracture brittle, 


the total reduction of area only being 2.4 
per cent. 

This makes it possible to take the 
breaking stress in this case as the value of 
cohesive strength [6]. Its value was found 
to be 99 kg/mm?. Test-pieces which had 
undergone plastic deformation combined with 
quenching and the same embrittling temper, 
could not be made to fracture brittle; 
before fracturing they gave an elongation of 
20 per cent, fracturing at a stress of 125 
kg/mm”, 

The value of yield strength, determined 
at room temperature, is identical for both 
treatments considered and equals 63 kg/mm’, 
If it is assumed that the variation of yield 
strength with testing temperature is not 
substantially different for the two condi- 
tions of treatment, these results indicate 
that thermomechanical treatment causes an 
increase in the value of cohesive strength. 
It is important to note that in this case the 
increase in cohesive strength value is 
accompanied by a change in the type of 
failure. Examination of the form of the 
fracture surface indicates that the brittle 
failure at temperatures of -195°C, in test- 
pieces which have undergone normal quenching 
and tempering in the embrittlement range, is 
characterized by fracture along the austenite 
grain boundaries existing when the steel was 
heated prior to quenching. In this 
connexion, the value found for cohesive 
strength (99 kg/mm”) should more correctly 
be termed the “cohesive strength for fracture 
along the austenite grain boundaries" or 
possibly “boundary cohesive strength." 

On the other hand, in the specimens which 
underwent plastic deformation prior to 
quenching, failure along the austenite grain 
boundaries is prevented and the failure crack 
passes through the grains, and, what is more, 
after considerable plastic deformation. This 
is evidence that the boundary cohesive 
strength exceeded the value of the yield 
point at the temperature of liquid nitrogen 
sufficiently for brittle failure to become 
impossible under the conditions of the tensile 
stress state, and for plastic deformation to 
precede fracture. 

The increase in cohesive strength found 
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also causes a reduction in the brittle observed when plastic deformation in the 
transition temperature to below room austenitic state is combined with quenching 
temperature leads to high impact values being under conditions which prevent the worked 
found. austenite from recrystallizing, is due to an 
increase in the value of cohesive strength. 


CONCLUSION 


reduced embrittlement which can be Translated by E. Bishop 
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CAUSES OF THE APPEARANCE OF AUSTENITE LINES 


ON ELECTRON DIFFRACTION PICTURES OF FERRITIC SPECIMENS 


R.M. KOSHELEVSKII, L.G. ORLOV and L.M. UTEVSKII 


Institute of Metallography and Metal Physics, 
Central Research Institute for Ferrous Metals 


(Received 9 May 1957) 


In a number of papers [1-5] and also in 
our own electron diffraction studies on iron 
and various steels it has been observed that 
lines corresponding to the f,c.c. lattice 
with a spacing of 3.60-3.64 A often appear 
on electron diffraction pictures taken on 
the etched surface of ferritic specimens, 
even after high temperature tempering or 
annealing; hence the assumption has arisen 
that a certain amount, although small, of 
alloy austenite exists stably at the ferrite 
grain boundaries. 

The lines corresponding to this lattice 
are always found to be continuous and 
slightly broadened; this will occur if 
electrons are diffracted in a very thin 
layer, of the order of some tens of Angstrom 
units thick. Heat treatment does not alter 
the character or density of these lines. 


purified in hydrogen (1 day at 1000°C). 
High-frequency vacuum furnace melts were 
made of pure iron and of binary, ternary and 
quaternary alloys of iron with chromium (up 
to 2 per cent), manganese (up to 2 per cent), 
nickel (up to 2 per cent), molybdenum (up to 
1 per cent), silicon (0.4 per cent), 
phosphorus (0.1 per cent) and tin (0.1 per 
cent). Qn not one of these alloys were 
"austenite" lines detected in the electron 
diffraction pictures (Fig.1). Neither did 
these lines appear after carburization or 
nitriding. Only the introduction of 0.1 per 
cent copper into the alloys or pure iron led 
to the appearance on the electron diffrac- 
tion pictures of continuous, clear, slightly 
broadened lines of the f.c.g. lattice, with 
a lattice constant of 3,62 A (Fig.2). 

We suggested that the copper out of the 
part of the specimen which dissolves on 


Fig.1, Electron diffraction Fig.2. Electron diffraction Fig.3. Electron diffraction 


pattern from etched surface of 
pure iron specimen. 


In order to establish the causes of 
"austenite" lines appearing on the electron 
diffraction pictures, a series of alloys was 


melted, based on electrolytic iron previously 


pattern from etched surface of 
iron specimen containing 0.1 
per cent copper. 


pattern from pure iron surface, 
etched 5 min in electrolyte 
containing copper. 


etching is deposited on the same specimen, 
covering it with a thin layer. 


To confirm this suggestion a pure iron 


alloy specimen (without copper added), 
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showing only G-phase lines on the electron 
diffraction pictures, was electrolytically 
etched under the conditions used by us as 
standard except for the electrolyte (1N-HC1 
solution acidified with citric acid). In 

this particular electrolyte some copper had 
first been etched. On the electron diffrac- 
tion picture taken on the surface of this 
specimen, very clear characteristic 
"austenite" lines appeared in addition to 

the G-iron lines (Fig.2). On prolonged 
etching in this copper-enriched electrolyte 
the specimen becomes covered with a reddish 
copper layer visible to the naked eye, and 
under these circumstances only copper lines 
can be seen on the electron diffraction 
picture (Fig.3). Deposition of copper takes 
place on the specimen even when a positive 
potential of 10-12 volts is applied to it. 
Deposition is more marked in chemical etching. 

Spectographic analysis of specimens of 
pure iron and alloys which did not give 
copper lines on the electron diffraction 
pictures, shows only traces (less than 0,01 
per cent) of its presence. 

Thus it has been established that during 
the etching of an iron specimen containing 
even small amounts of copper (some hundredths 
of 1 per cent), the latter can be deposited 
on the surface of that specimen, then giving 
copper lines (more or less bright) on the 
electron diffraction pictures, depending on 
the copper content of the specimen (and on 
the etching solution). 

It should be noted that in all cases of 
copper deposition on specimens, its lattice 
constant, determined electronographically, 
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is 3.62 A. 
a lattice constant of 3.65 


r specimen gives 
,» which agrees 


The massive co 


with published data [6,7] although it differs 
from the X-ray value (3.608 A). 


As regards the presence of austenitic 


films (other than straightforward residual 
austenite) in low-alloy steel specimens, the 
question can be taken as answered in the 


negative. 


Even if intercrystalline zones are 


enriched with alloying elements, due to 
internal adsorption at temperatures above 
Ac_, this is insufficient for a film of 
highly alloyed austenite to remain at the 
former austenite grain boundariés during 
subsequent slow cooling (or high temperature 
tempering), as has been suggested by a number 


of 


authors. 
Translated by E. Bishop 
REFERENCES 
A.L. Tsou, J. Natting and J.W. Menter, 


J. Iron Steel Inst., 172, part II (1952). 


j.W. Menter, J. Natting and A.L. Tsou, 
Proc. Phys. Soc., B65, 305 (1952). 

E.W. Williams and H. O’Neill, J. Iron 
Steel Inst., 177 part II, (1954). 

L. Colomber, Metal Progress, 87, 2, 116 
(1955). 

C.C. Hsiao, Acta Metallurgica, 4, 4 (1956). 
N.A. Shishakov, Zh. eksp. teor. fiz., 10, 
1450 (1940), 

Z.G. Pinsker, Diffraktsiia elektronov 
(Electron Diffraction) Akad. Nauk SSSR, p. 
211 (1949), 


184 
A 
|| 
VOL. 
6 
1. 195 
2. 
3; 
4, 
5. 
6. 


PHENOMENA ASSOCIATED WITH THE GRAIN BOUNDARIES IN THE 


HIGH - TEMPERATURE DEFORMATION OF TITANIUM SOLID 


SOLUTION IN NICKEL 


V.M. ROZENBERG and L.V. GRADOVA 


Institute of Metallography and Metal Physics, 
Central Research Institute for Ferrous Metals 


(Received 7 May 1957) 


In studying the structural changes which 
accompany the slow deformation of nickel and 
OL. titanium solid solutions in nickel, under 
6 high temperature conditions, observations 
have been made of slip within grains, the 
fragmentation of grains and their displace- 
ment relative to each other, and in a number 
of cases the migration of boundaries along an 
entire front. Fig.1. Microstructure of a specimen of titanium 
Results are given be low, referring to solid solution in nickel (3.6 per cent titanium) 
before deformation; x 100, 
grain boundary migration in a solid solution 
of titanium in nickel, containing 3.6 per 
cent titanium. The specimens were extended 
in vacuo at a temperature of 700 or‘ 900°C, 
It should be emphasized that before extension, 
all the specimens were first annealed for 
2-3 hr at a temperature of 1200°C. In Figs. 
1 and 2 it is shown how a grain boundary 
Migrates in a specimen which has been ex- 
tended at a temperature of 700°C and a stres 
of 8 kg/om?. 
It is of interest to note that the motion 
of the curved boundary on which the observa- 
tion was made, takes place in directions away 
from the centre of curvature. Such a result 
can be taken to indicate that the force 
causing the motion is not a difference in the 
surface energy values of the grains, but a 
difference in their respective elastic energies. 
Fig.3, shows a case of boundary migration 


which is accompanied by the formation of slip 


lines in the specimen (nickel, 700°C, o = 3.5 Fig.3. Microstructure of a nickel specimen after 
S per cent deformation at 700°C and a strese of 


kg/mm’), 3.5 x 100, 


Fig.2. The same area after 13 per cent deforma- 
tion at 700°C end a stress of 8.2 kg/mm; x 190, 


185 


At a higher testing temperature, boundary 
migration can be so considerable that in 
certain cases it is possible to observe the 
gradual disappearance of a grain. In Fig.4, 
it is shown how an initial large grain is gra- 
dually "consumed" by its neighbours. The 
photographs show separate stages in the 
migration; it can be seen quite well, that 
they take place with halts, each halt 
corresponding to a certain position of the 
boundary. 


Microstructure of a specimen of 
titanium solid solution in nickel 
(3.6 per cent Ti) before deformation; 
x 100; 


(b) The same area after 3.5 per cent 
deformation at 900°C and a stress of 
1.3 kg/cm2; x 100; 


(c) The same after 6.5 per cent deforma- 
tion; x 100, 
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The observed change in structure can also 
be explained by the relative displacement of 
grains. This displacement must cause the 
buckling of separate grains, which may 
appear under microscopic examination as the 
growth of one grain at the expense of 
another*. 

As regards the series of photographs 
shown in Fig.4, there are good grounds for 
asserting that the observed train of events 
is mainly associated with the growth of one 
grain at the expense of another, and not 
with buckling. Evidence for this is given 
first by the retention of traces of former 
boundaries at certain stages of the growth, 
and secondly by the ability to focus all the 
grains simultaneously in examination under 
the microscope at a magnification of 200 
diameters. 

It is known that grain growth during 
collective recrystallization is stimulated 
by differences in the surface energy values 
in contiguous grains. Collective recrystalli- 
zation can take place at a sufficiently high 
temperature, when the atom mobility becomes 
sufficiently high. Since on the one hand the 
specimens, before extending, were annealed 
first at 1200°C, and, on the other hand, 
cases are observed of boundary displacement 
leading to an increase in the surface area of 
the grain, it can be suggested that in the 
cases given the state of minimum free energy 
to which the system tends during extension is 
based not on the attainment of minimum sur face 
energy but on a redistribution of elastic 
energy amongst the grains. The general level 
of elastic energy is determined by the value 

of applied stress. 


Translated by E. Bishop 


* This was pointed out to us by E.S. Iakovleva,. 
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EFFECT OF PLASTIC DEFORMATION ON THE WIDTH 


OF ELECTRON RESONANCE LINES 


A.A. GALKIN andD.A. KICHIGIN 


Khar’kov Pedagogic Institute 


(Received8 April 1957) 


A number of papers [1-6] have been 
devoted to the study of electron resonance 
in metals. In these investigations quite a 
detailed study has been made of the rela- 
tionship between line width and temperature, 
amount of impurities and particle size. 

In the present communication a description 
is given of experiments to elucidate the 
influence of plastic deformation on 
resonance effects. It is known that residual 
micro-stresses build up in a crystal during 
plastic deformation, leading to an excess 
potential energy [7]. However, if plastic 
deformation investigations are carried out at 
room temperature, this has a comparatively 
minor effect on the electrical properties of 
metals (electrical conductivity, Hail effect). 

Since the electron resonance line width 
for lithium is sensitive to impurities (6], 
an investigation was undertaken on the effect 
of plastic deformation on the phenomenon of 
electron resonance. 

Plastically deforming lithium was produced 
by rolling specimens on glass at room tem- 
perature. 

The specimens were rolled down to a 
thickness of 0.1 - 0.05 mm. After rolling, 
the foil produced was bent to tubular shape 
and placed in a glass ampoule filled with 
dehydrated oil. The ampoule containing the 
specimen was placed in the circuit coil of an 
oscillator operating at a frequency of 350 
Mc/s. The electron resonance was indicated 
by the Zavoiskii method [8]. 

The electron resonance line width after 
plastic deformation was 20 oersted. Thus, 
the plastic deformation of lithium at room 


temperature led to a doubling of line width. 
If the foil is "annealed" at room 

temperature, the line width gradually 

contracts, reaching 10 oersted after 40-60 hr. 


10 2090 40.0 t 


Fig.1. Relationship between width of 
resonance curve (oersted) and annealing 
time (hours). 


Upper curve - annealing at room temperature. 
Lower curve - annealing at 100°C, 


To elucidate the kinetics of stress 
relaxation in lithium, a series of measure- 
ments was made of the relationship between 
line width and time, for two annealing 
temperatures, 293 and 373°K. For this 
purpose a foil was cut into two halves, after 
rolling at T = 293°K, and the specimens 
obtained were annealed at 293 and 373K. 

In Fig.1, are reproduced the line width- 
time relationships for the two specimens. As 
was to be expected, annealing takes place 
considerably more rapidly at a temperature of 
100°C than at 20°C. 

From the temperature curves of AA(t), a 
calculation was made of the activation energy, 
which was found to be ~ 1500 cal/mole. A 
similar, small activation energy has already 
been observed in plastic deformation [7]. 

It is possible that the relationship 
between life width and particle size, observed 
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by Garif’ianov [5], may be explained on the 94, 1067 (1954). 


grounds that in the finer particles, residual 
3. R.A. Levy, Phys. Rev., 98, 264A (1955). 
4. R.A. Levy, Phys. Rev., 102, 31 (1956). 


strains set up during crushing are eliminated 
practically instantaneously, whereas in the 
coarse particles the elimination of strains _ 5. S. Garif’ianov, Zh. eksp. teor. fiz., 32, 
proceeds considerably more slowly. 149 (1957). 
Translated by E. Bishop 6. G. Faher and A.F. Kip, Phys. Rev., 98, 
337 (1955). 
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A WIDESPREAD ERROR IN THE ANALYSIS OF PHASE TRANSFORMATIONS 


I.I. NOVIKOV 


Moscow "Kalinin" Institute of Non-ferrous Metals and Gold 


(Received 14 September 1957) 


Recently, wide use has been made, in the 
thermodynamic analysis of phase trans forma- 
tions in metals and alloys, of the curve of 
the relationship of free energy to tempera- 
ture. In the overwhelming majority of cases 
the nature of this relationship is misrepre- 
sented. 

From the equation for free energy (F = U - 
TS) and the generalized equation of the first 
and second laws of thermodynamics (7TdS = dU + 
dA) it follows that in an isochronous process 


and 


dT 
Since with increasing temperature the entropy 
is always increased, dS/dT is a positive 
quantity and consequently the second 
differential d°F/dT” is always negative. This 
signifies that the curve of free energy 
against temperature must always be concave 


towards the temperature axis. In some papers, 


which are exceptional the F-T curve is in 
fact given this feature (see, for example 
[1,2]). In the majority of papers, however 
( [3-8] and many others) the free energy 
curves are convex towards the temperature 
axis. According to this, the second 
differential d*F/dT? mst have a positive 
sign, which contradicts the laws of thermo- 
dynamics. 

In the papers quoted [3-8], this error 
has not entailed any error in the final 
conclusions, but in many investigations the 
sign of the second differential of free 
energy with respect to temperature has a 
decisive effect. 

In certain papers the nature of the 
relationship of thermodynamic potential to 
temperature is also misrepresented (see, for 


example [9,10]. The shape of the thermo- 
dynamic potential (Z) surface in the co- 
ordinates Z - p - T has been analysed in 
detail by Tamman [11]. 


Translated by E. Bishop 
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APPLICATION OF RENORMALIZATION GROUP TO THE 
COULOMB PROBLEM IN A SOLID* 
V.L. BONCH BRUEVICH 
Moscow State University 
(Received 11 April 1957) 


1. INTRODUCTION, RENORMALIZATION GROUP 
IN THE COULOMB PROBLEM 


In the preceding paper [1] it was shown 
that the application of Green’s functions 
gives an effective treatment of the screen- 
ing of electron interactim by structural 
defects in a solid, and of the plasm 
vibration spectrum with an arbitrary 
equation for current carrier dispersion. 

For example, the first of these problems can 
be reduced to the solution of the equation 


(— iy) | (4) — 


(10) 


(for notation see [1]; the mass operator M 
can depend on the time also). For an 
explicit solution, however, the mass and 
polarizatign operators must be expanded in 
powers of the bond constant. This approxi- 
mation, though more accurate than the 
standard theory of perturbation in applica- 
tion to a S-matrix, all the same assumes 
that the dimensionless bond constant g? is 
fairly small. In semiconductors g? << 1 
actually holds over a wide concentration 
range, but it can easily be seen that in 
metals, the expansion parameter is 
e2(2m)2/7hW, where m is a quantity of the 
type of an effective mass; in typical cases 
this parameter can be less than unity, but 
all the same it is not excessively small. 
Hence the results of perturbation theory 
here need improvement, and for this it is 
expedient to use the renormalization group 
procedure [2]. Et is easily show that [3] 
the multiplicative renormalization group 


* Fiz. metal. metalloved. 6, No. 5, 769-775, 
1958. 


here is not specific for relativistic field 
quantum theory, but is a general property of 
the Swinger equation with an extremely wide 
class of interaction Langrangians; in par- 
ticular, it occurs also in the “ finite”’ 
theories of the type examined in the present 
paper. We note in this connexion that in 
the problems of the theory of solids it is 
convenient to use group relationships not 
only for the Green’s functions G and D then- 
selves, and for the vertex J", but also for 
the reciprocals andD~1, and also for 
the momentum distribution function, F(p). 
The functions G+ and D~! (in the absence of 
an external field) are linearly connected 
with the mass and polarization operators, of 
special interest to us. 

The group relations can be also written 
directly for the operators mentioned, but 
this is obviously less convenient. The 
equations for transformation of a Green’s 
function and the peak part are well-known 
for the problem in which we are interested, 
a system of electrons exerting Coulomb 
interaction: they have the same form as in 
quantum electrodynamics [3]: 


g?. (1.2) 


2. AN INVARIANT CHARGE 


It is known that the essence of group re- 
normalization is that an expansion in rising 
powers of g? is converted into an expansion 
in powers of an ‘‘invariant charge’’, depend- 
ing on g? and D. Hence, first of all we 
must study the group equation for a Bose 
Green function. 

We put: 


D(p, = D,(p)D' (p, Py), 
where D,, (p) = (2 )7* p72 is the “free” 


(2. 1) 


Green’s function. If we restrict ourselves 
to an isotropic square approximation (which 
is not essential, and is introduced only for 
simplifying the calculations) for which, in 
the unperturbed state, W(p) = p? (h = 2m=1). 
Then from considerations of covariance and 
homogeneity it is clear that: 


p? We \ 


where W. is the characteristic energy (Wp for 
metals), and A is some arbitrary “normalized” 
energy. 

In virtue of equation (1.2), D’ for certain 
arbitrarily specified values of p, and p* can 
be equated to unity (normalized). Different 
values of the “charge” of course correspond 
to different normalizations; in particular 
one of them is connected with the observed 
( real”) value of g*, and calculations should 
end in it. The ‘‘reality conditions’’ assumes 
different forms depending on the actual 
character of the theory, but the significance 
is always the same: for definite values of 
Po and p?, there are no radiation corrections 
[4]. In quantum electrodynamics this, of 
course, occurs for p2 - p* = 0, the true mass 
of the photon being zero. In our problem the 
actual dependence of D on Po appears as a 
result of ‘‘radiation corrections’’, (whicn in 
the present case describe mtual interactions 
of electrons). Hence the conditions of “real 
normalization” should apply at Po = 9. As 
was shown in [1], the function D(p, p, = 0) 
determines the interaction of an electron with 
static structural defects, hence D‘(p, Po = 9) 
=] is nothing more than the condition of 
absence of screening of the external field by 
free electrons. Obviously this occurs at 
omall distances from the defect, i.e. when 
[P| Beo. 

on the other hand, it is convenient to take 
D’ =1 for p? = . The resulting normaliza- 


tia condition is: 


D‘(0,1, ==; = 1, (2. 3) 
and the ‘‘real” value of the charge g? corres- 


ponds to A -»infinity. 
Hence, first of all we must examine an 
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equation for the function 


We. 


By the usual method (see, e.g. (2]) we 
obtain for it a functional and a differential 


equation: 
d(x, y; 2) = 


=d(t, y; (— grd(t, y; (2. 5) 


(x, yi g*) _ 
Ox (2.6) 


where 
ha 


y Ay =A, (27) 


d 
= (x, Jy; 8?) 


(28) 
is the “invariant’’ charge, in which we also 
make the expansion. Let us assume that at 
least in some range of value of x, we have: 
g2d(x, y; 1 (2.9) 

(the actual value of g? here may also not be 
small). Then to calculate the right-hand 
Side of (2.6) the results of perturbation 
theory can be used, after which the function 
d(x,y,g*) can be explicitly determined, by 
solving the differential equation found (of 
course, condition equation (2.8) is checked 
first of all). 

According to [1] (equations 3.7 and 5.4) we 
have, with allowance for the normalization 
condition (2.3): 


d(x, y; 8%) = (2. 10) 
gty leVy—1 
| 
(2x)? x 
| 
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Since the denominator can easily be shown to 
have no real root, we can write, for values 
of x/y not too near zero: 


f(u)= 


= 2—-Vu 
4Vu 


Equation (2.5) now assumes the form: 


(2.12) 


Ogtd (x, (x, y; , (2. 13) 
Ox 
whence 
d(x, y; 


The latter approximate equation is obtained, 
if we consider that, from the selection of 
the normalized energy A: 


(2. 14) 


y+0 3 


Thus, for the function d(x, y, g*) we 
obtain the same equations, from perturbation 
theory; but the limits of applicability are 
different. Equation (2.14) applies when 
condition (2.9) holds, and this now takes 
the form (with p in dimensionless units): 


g? 

4—p' 
1 1 

For metals in the region of greatest inter- 
est, p ~ 1/3 to 1/4 (this corresponds to a 
distance of the order of a lattice cons- 
tant), and the left-hand side of (2.15) is 


g? 


1 +(2—4) g? 


Thus, the region of actual application of 
(2.9) is appreciably wider, than would be 
expected. Equation (214) is significant 
even for g? =1, when perturbation theory 
without group renormalization is generally 
useless. In the same way, the field of 
application of the screening equation 
obtained in [1] is also expanded. 


1. 
g* (2. 15) 


3. BOSE-GREEN FUNCTION FOR Po 0 


Let us now study the complete Boze-Green 
function D(p> Po). It is convenient to put 
(cf. remark before equations (1. 2): 


Dy (p) 
Dee 
where S is an unknown function. 


From considerations of covariance and 
homogeneity in p-spaces: 


S=5(% xe; (3.2) 


A 
with the normalization conditions: 


(3. 3) 


Introducing the notation: 


we obtain, with equation (1.2), the func- 
tional equation: 


S (x1, %, (3.5) 


=d'(t, y; 8) g?(t, y; 


It is convenient to introduce a new argu- 
ment z = 

S(X1, 87) =S(2, x2, y; 2). (3.6) 
Obviously: 


A functional equation for s follows 
directly from equation (315). By differen- 
tiating it with respect to z and putting t 
= z, we find: 


3 
a 
“y, =t; gi= 
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Os (2, Xe, g?) 
oz (3.8) 


2d (z, g*) 


As in the preceding section, to calculate the 
right-hand part of (3.8) we need to determine 
s only close to the ‘fhormalization point”, 


and this can be done with perturbation theory. 


We would emphasize that the expansion here is 
not in powers of g*, but in powers of the 
invariant charge g* a(z,y,g2). Corresponding 
calculations have already been made [1]. 

With equations (3.7 and (4.10) from [1], we 
find: 


= 297d (z, Jy; g’) 
1—gtd(z, @)f(z/y) dz 


where f(z/y) is given by equation (2.12), and 


and we obtain, with the aid of the normali- 
zation conditions (3.7): 


J 
Thus not only for d, but also for the 
complete Boze-Green function, the expression 
obtained from perturbation theory is correct 
(with all the consequences concerning the 
spectrum which flow from it [1]). Now, 
however, it is clear that each quantity is a 
true parametric expansion. 


4. THE FERMI-GREEN FUNCTION 


Let us now examine the mass operator, which 
(in the absence of an external field) is 
equivalent to the calculated inverse Fermion- 
Green function. We put: 


(u — v)? —(2)/v—v)? 


v)= 


4v — (u — v)*— 
(2n)2v 8y°2 


(u—v—2/0)*—v!? 
—v 


This function determines the value of s from 
the perturbation theory as developed in [1]:: 
Spert = 1 — g?¢(u, Vv). (3. 1) 


Thus, equation (3.8) assumes the form: 


Os (z, Xe, &*) 
1 — (z, y; 


- (3. 12) 


The condition of validity for (3 12) is that 
the invariant charge shall be small. In the 
plasma vibration problem the p?<p, ~ 
(W. = plasma quantum energy) region is of. 
greatest interest. With the known relation 
between the plasma frequency and the Fermi 
energy, it can easily be seen that condition 
(2.9) in this region is g?/(1+4g) << 1. 
Fqually, g*d(z,y,g*) f(z/y), which appears 
in the right-hand side denominator in 
equation (3.12), is here small compared with 
unity. Equation (3.12), integrates directly, 


(u—v)?—(2 + 


=, V= 


G(p, Go(p, Po) (4. 1) 
T (Po, p) 
(3. 10) 
with, in sections 2 and 3: 


In virtue of (1.2), the functional equation 
for T has the form: 


T 22) (4.3) 


x Xx y 


T(1,1, y/t; g*d(t, y; g?)) 


where, as in section 3, 


x Pe, 7 = 
1 
(4. 4) 
We me = 


Unlike d, T depends on two variables, x, and 
Xo. The problem is therefore completely 
analogous to that of the vertex in quantum 
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electrodynamics [5] and can be solved by 
similar methods. In our case, however, there 
is no special merit in this, since the exact 
form of the operator W(-i V/) is also unknown. 
It is therefore best simply to include the 
term with the mass operator in (1.1) and the 
unperturbed operator W (approximating, if 
necessary, the whole sum to some expression 
of the type of an effective mass). This 
combination, and not the operator W by 

itself is connected with the spectrum of Fermi 
elementary perturbations in the absence of an 
external field, and the corresponding effec- 
tive masses are determined experimentally* (if 
generally a square approximation is signifi- 
cant). 

For further refinement of the results of 
perturbation theory, a more accurate expres- 
sion should be taken for the potential 6(2), 
which means renouncing the replacement of the 
vertex by unity. Then, however, it becomes 
impossible generally to speak of a screening 
equation in the usual sense. 

Calculation of the function 7(p,, p) in the 
absence of an external field is of interest 
to us in connexion with the momentum distri- 
bution for electrons in the ground state, 
F(p). As was shown in 6: 

F (p) =ilim dxe-¥ G(x, x.) = 
(4. 5) 
= (2z)8ilim | dp,e~'?° G(p, p,). 
Being interested only in the behaviour of 
F(p) in an infinitely small circle around the 
point p? = Wr, ty the method outlined in 5 
we find (in this case it is convenient to put 
A = y; the value of T at the normalization 
point gives only a small multiplicative cons- 
tant): 


T (x1, =1+Ax, y=1; g?) =conste 


(2n)2 (I+ 2 


® (Pq. P?) 


(4.6) 


Ax — ive (Ax) + —— 


Ax 
1 — Ax + ine (Ax) 
(2)? 


* In metals the correction for the mass operator 
is obviously not small here. 


1 
Ax + ine 


g? 
[as + 


(7 +0, 7>0; e(Ax) = +1 for Ax=0). 
Equation (4.7) is correct, as soon as 


«1; <i, 
Wr 
Po 

the latter inequality being important only 
when Po is not too large (the region 
Po >> Wr gives a small contribution in the 
integral determing 6). 

From equations (4.6) and (4.7) we obtain: 


Fe 


Ax = 


F (p)=const (Vp —p*)— 
+ 
[e— ® (Po p*) __ 1] dp, 
Po—p? + Wp + ine (p? — 


(4.9) 


(8 (z)=1 for z>Oand=0 for z<0). 


Thus, on the known Fermi ‘step’ there is 
superimposed some continuous function, but 
there is no discontinuity at p? = Wp. 


Translated by J, Murray 
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MAGNETIC RESONANCE IN IONIC CRYSTALS OF NUCLEI 
OF I!RON GROUP ELEMENT ATOMS* 


K. A. VALIEV 
Kazan State University 


(Received 14 January 1957) 


The possibility of observing magnetic resonance of nuclei of paramagnetic atoms 
in magnetically dilute crystals of salts of iron group elements is examined. It 
is found that at temperatures of 1°K and over, the width of the nuclear resonance 
line is determined by the probabilities of electron relaxation transitions. 

Hence direct observation of nuclear resonance on paramagnetic atoms is possible 
only at liquid helium temperatures. ‘The probabilities of relaxational transitions 
between the hyperfine sublevels of the ions V>*(S = 1) and Cr°*(S = 3/2) are 
calculated. The latter is 1075 and 10’ of the probabilities of electron 


transitions for the V* and Cr>* ions respectively. 


1. MAGNETIC RESONANCE OF NUCLEI OF 
PARAMAGNETIC ATOMS OF THE IRON 
GROUP ELEMENTS 


We discuss here the possibility of observ- 
ing nuclear magnetic resonance of nuclei of 
the paramagnetic ions of the iron group. A 
previous paper was published by the author on 
the paramagnetic ions of the rare-earth 
elements [1]. A very similar situation holds 
for salts of the iron group ions. Hyperfine 
interactions of these ions is approximately 
one tenth that with the rare-earth ions; 
correspondingly less are the hyperfine 
separations of the electronic spin levels 
(about 2 x 1073 cm™!). For such separations 
the resonance frequency is 10’ - 108 cycles. 
Hence to observe nuclear resonance of the 
paramagnetic ions of the iron group it is 
necessary that the width of the line should 
be of the same order as in ordinary nuclear 
resonance in diamagnetics. Line width has 
been studied for the Cr3* ion. Fig. 1 shows 
the fine structure of the ground state “F of 
the Cr3*+ ion; the hyperfine separations are 
shown only for the lower levels. The width 
of the resonance line arising in transitions 
between a certain pair of hyperfine sublevels, 


* Fiz. metal. metalloved. 6, No.5, 769-775, 1958. 


for example a and 6 is equal to the sum of 
the widths of these sublevels; Y =%,,¢ 
The width of the level in turn is equal to the 
sum of the probabilities of all relaxational 
transitions starting from this level. Among 
these transitions there are those with a 
change only of the magnetic quantum number M 
for electron spin, that is electronic 
transitions. For chrome alums they have been 
already calculated [3]. We have calculated 
the probability of nuclear rel axational 
transitims accompanied ty a change in the 
magnetic quantum number m of nuclear spin 
(nuclear relaxational transitions). To 
estimate the contribution of electronic and 
nuclear relaxational transitions to the width 
of a resonance line, we must examine the sum 
Y ab =A, + Our calculations show that 
the ratio A, /A,, in an external field of 
about 5000 oersteds is 107*. Hence the width 
of the nuclear resonance line is basically 
determined by the probability of electronic 
transitions. Nuclear relaxational transitions 
will determine the width of the line only at 
very low temperatures, which is obvious from 
what follows. Electronic transitions are 
accompanied by absorption of lattice 


vibrational energy; hence =[exp(hy,/kT)— 


—1}-' = frequency of electron 
resonance). Nuclear transitions occur with a 


transfer of lattice energy, and A,,, ~ (my, + 1); 


VOL. 
6 
195€ 


Magnetic resonance in ionic crystals 


here vy is the frequency of nuclear resonance. 
It is easy to see that at temperatures T 

<K hv ,/k the widening of hyperfine sub- 
levels because of electronic transitions is 
negligibly small. However right down to about 
1°K, the main contribution to the line width 
for nuclear resonance is made by electronic 
transitions. 


Fig. 1 A — Diagram of division of basic state of 
ion in chromium alums 


B — Superfine division of the lower spinel 
level. 


As can be seen from the table below, in 
chrome alums at T = 2°K, A,; ~ 1000 sec. ~? 
The probabilities of electronic transitions 
at the temperature of liquid helium will be 
of the same order also for other ions with a 
half spin number. This corresponds to a 
line width of about 1000 cycles. On the 
other hand, spectroscopes with field 
modulation can reveal nuclear resonance 
lines having a width of about 10 oersted. 
Consequently the line width expressed in 
cycles (by the ratio hA,, = YBN A fh) 
should be of the order of 10000 sec™’. This 
means that observation of nuclear resonance 
and study by this method of the interaction 
of the nuclei of paramagnetic atoms with half 
spin is possible at the temperature of 
liquid helium. Experiments can also be made 
by quadrupole resonance (with frequency 
modulation). 

The conclusions drawn will obviously be 
correct also for iron group ions with an even 
number of electrons. 


2. PRORARBILITIES OF NUCLEAR RELAXATIONAL 
TRANSITIONS IN v-* AND IONS 


Let us calculate the probabilities of 
relaxational transitions between the hyper- 
fine sub-levels in the V3* ion in a crystal, 
which has an even number of electrons and a 
whole-number spin (S = 1), and for the Cr3+ 
ion with a half-integral spin (S = 3/2). It 
is known that the spin-lattice interactions 
in salts of paramagnetic ions with whole or 
half spins may differ considerably. Hence 
we attempted to find out for the salts of 
these ions, the time of nuclear relaxation, 
as an example for ions of the iron group. 


Diagram of the division of the lower 
orbital triplet of iron v* occurring 
in the cubic field of a crystal. 
Superfine divisions are not indicated. 


First of all we examine the nuclear relaxa- 
tion in crystals of V>* ions with 2 magnetic 
3d-electrons. With subdivision of the ground 
term 3F for the V3* ion- by the electric field 
of a cubic symmetry crystal, the lower energy 
level maintains a triple orbits. “2generacy. 
Fig. 2 shows the other subdivisions of this 
level. The field of lower symmetry, trigonal, 
tetragonal or rhombic, present in crystals of 
the hydrated salts, and weak compared with 
that in cubic crystals, splits the orbital 
triplet so that the lower level remains 
simple (2). Hence for our purposes the 
symmetry pattern of this field is not very 
important. For definiteness we assume that 
it is tetragonal. The separation 6 arising in 
this field is of the order 1000 cm! [3]. 
Since the spin of the ion is whole-numhered 
(S = 1) the electric field of the crystal, 
acting through the spin-orbital connexion, 
causes a considerable (D = 5.0 cm™+, [4]) 
fine separation of the spin levels; the lower 
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level remains simple, while the upper one 
becomes a doublet. We calculated the proba- 
bilities of relaxational transitions between 
hyperfine sublevels (spin of the V-51 nucleus 
equal to 7/2) of the upper spin doublet, which 
will be populated right down to helium tempera- 
tures. For simplicity we will assume that the 
magnetic field is directed along these tetra- 
gonal axis. In this case the energy level of 
the doublet is described by the quantum numbers 
S, = M = 1, -1, and the lower simple level by 
the number / = 0. For another direction of the 
field the time of nuclear relaxation will 
obviously be of the same order. As in salts of 
the rare-earth ions, relaxational transitions 
of the nuclei arise mainly by modulation of the 
electric separations of the ion ty lattice 
vibrations, and the presence of the hyperfine 
interactions of electrm and nuclear spins (1). 


Ho, (1,3) =F Qs, Ho, (2, 3) = FQ. 


Here the orbital levels are numbered in 
accordance with the notation in Fig. 1; ro is 
the average distance of the 3d electron from the 
nucleus, wz is the effective dipole moment of a 
water molecule, R is the equilibrium distance 
between a molecule of water and the paramagnetic 
ion. Analysis shows that the most probable are 
relaxational transitions with participation of 
two lattice phonons, arising in the fourth 


The excitation energy causing nuclear relaxation approximation: 


is: 


Hot 
(Ey — E) (Ep — Ex) (Ey — Ess) 


In the numerator of (3) there are the matrix 


H’ (3) 


Here Hor, = J iV;Q; is the part of the energy of elements of the corresponding operators; Eo and 


the orbital moment of the ion (5) which depends 
on the normal vibrations Q; of the octahedron 
XY, (X = paramagnetic ion, Y = molecule of 
water); A and A the constants for the spin- 
orbital (Hg) and hyperfine (Hy) ionic bonds. 


In the calculations we will take account only of numbers for the lattice oscillators. 


transitions through orbital levels of the lower 
triplet. The necessary matrix elements of the 
spin-orbital and spin-lattice interaction 
operators are given in [2]: 


H,o(1; M—1; 2, M) =—H,,(1, M—1; 3, M) = 


= (S+M\S—M+)), 


Heo(2, M; 3, M)=—-> AM, 
(1, 1) = — 2PQ3/V 3, Ho, (2, 2) = 
= —P(Q,— Q3 V 3), 


H 5, (3, 3) = + 3), Ho, (1, 2)= 
= — iFQ,, 


E; are the energies of the initial and the 
intermediate states of the system. The relaxa- 
tional transition whose probability we will 
calculate, occurs between the states (m, n, n’) 
and (m-1, n-1, n’41) where n, n’ are the quantum 
For a 
determination of the energy differences Ey - Ej 
we neglect magnetic and hyperfine separations of 
the spin levels by comparison with the fine 
separation D; in turn all the above separations 
are ignored, when the difference Eo - E; con- 
contains the crystalline separation § or the 
energy hy of high frequency phonons. After 
making the usual averagings of the energy of 
spin-lattice interaction for the probability of 
relaxational transitions of the form (m,n,n’)—» 
(m-1 n-1, n’+1) to the levels M = * 1, usual in 
the theory of magnetic relaxation, we obtain 

the equation 


16x*h%dc? 
75 
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Here we adopt the following notation 


Ym 
[exp —1]~* exp (hy RT) 
0 


c=(S+M)(S—M+1), d= 


(1 + m)(/--m + 1); 


p = crystal density; v = velocity of elastic 
waves in the crystal; the subscripts / and t 
denote quantities for the longitudinal and 
transverse vibrations of the lattice. 

In the course of the calculations we estab- 
lished that the probabilities of nuclear 


relaxation of paramagnetic ions are proportional 


to the probabilities of relaxation of electron 
spin 
A (dc A?/4D?} A 


m,m - 


Hence the tf{me of nuclear relaxation can 
conveniently be estimated when the time of 
electronic relaxation is known from experiments 
on paramagnetic relaxation. Evidently then 
An’m-1 Will be determined with greater accuracy 
than by direct calculation from equation (4). 

We made similar calculations for Cr? in 
chrome alums. Electronic relaxation in this 
salt has been studied in detail [3, 6]. The 
subdivision of the ground term ‘F for the 
free Cr>* ion is shown in Fig. 1. Here the 
cubic field of the crystal completely 
eliminates the orbital degeneracy of the 
main level. The cubic separation § is of 
the order of 50,000 cm! [7]. The weak 
component of the crystal field of lower 
(trigonal) symmetry, together with 
spin-orbital interaction, causes a fine 
separation of the spin levels (S = 3/2) into 
two Kramer doublets: M =+/%, + 3/2 (z= 
trigonal field axis). This separation for 
different chromium salts is 0.12 - 0.18 cm'?. 
The strong magnetic field along the trigonal 
field axis, causes a separation of the doub- 
lets, considerably exceeding the hyperfine 
separation of the level. 

In chrome alums the crystal separation of 
the orbital levels is approximately 1000 
times the energy hv of high-frequency lattice 


(6) 


phonons; hence in differences (Ey - Ej) 
containing §, the energy hy can be neglec- 
ted. Since the sum (3) is zero for a fourth 
approximation, we must use a fifth approxi- 
mation. "We considered relaxational transi- 
tions through the orbital level 2. Partici- 
pation of level 3 in relaxation can increase 
the probability of relaxation about 5 times. 
The necessary matrix elements for the 
operators Hy and Hg were taken from [5]. 
From the calculation we obtained the following 
equation for the probability of the nuclear 
resonance transition (m, n, n’)—(m - 1, 
n- 1, n’ +1) in chrome alums; 


A 


m, 


l 12a? 


t 


D206 


D is the distance between the spin levels 
M- 1 and M. It can be shown that in this 
case equation (6) is also correct. 

Let us estimate the quantity y = cdA2/4D2, 
defining the ratio of the electronic 7 , and 
nuclear T, spin-lattice relaxation times. 
The constant for hyperfine structure for the 
cr3+ ion is isotropic and has the value A = 
2x 1073 cm! (7); we will also assume that 
cd = 10, D=0.3 cm). With these values, 

y = 1074. Table 1 shows the electronic times 
of lattice relaxation for undiluted chrome 
alums, measured hy paramagnetic relaxation in 
parallel fields, and the nuclear relaxation 
time, calculated with equation (6). (The 
measurements at 90 and 64°K were made with 

Hy = 3200 oersted [3], and at 2.04°K with Hy = 
2257 oersted (6)). 


TABLE 1 


90 
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Similar estimates show that in vanadium 
salts the nuclear time of spin-lattice relaxa- 
tion is 140,000 times the electron spin 
relaxation time (for the estimates we used D = 
5 em! and A = 88 x 107* em@!, the latter 
measured for the ion V2 with an odd number of 
electrons; obviously the hyperfine constant 
for V3* will be sanewhat less). However in 
v>* salts no measurements of electronic 
relaxation time have yet been made; there are 
also no experiments on the observation of 
electron resonance. Judging hy the arrange- 
ment of the orbital levels of the ion in the 
crystal, the electro relaxation time will be 
short. 

In conclusion the author expresses his 
sincere thanks to S.A, Al’tshuller for 
guidance in this work, 


Translated by J, Murray 
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THE RELATIONSHIP BETWEEN THE EQUILIBRIUM 
VALUE OF THE LATTICE CONSTANT OF A 
MIXED SPINEL AND COMPOSITION* 


A.N. MEN’ 


Sverdlovsk Agricultural Institute 
(Received 18 February 1957) 


Using a special model of the spinel lattice, proposed in paper [2], the con- 
stants s,, characterizing the interaction between the electron gas and the K ion 


core, were evaluated. 


Knowing Sp» it was possible to explain the character of 


the relationship observed experimentally between the equilibrium value of the 
lattice constant of a mixed spinel and composition. 


Investigations of the crystalline state of 
the substance have shown that crystals consist 
of regularly distributed atoms or molecules. 
Depending on the kind of atoms constituting 
the given crystal, their concentration and 
external conditions (temperatures, pressures), 
a specific crystal lattice is formed with a 
definite distribution of atoms on the lattice 
points. The type of lattice is described by 
means of geometrical parameters (in the 
simple case of the cubic lattice, the length 
of the cube edge, a,, is such a parameter). 
To find a), it is necessary to know the 
lattice binding energy as a function of the 
interatomic distance a. From the condition 
of minimum energy, it is easy to find the 
equilibrium value of the lattice constant for 
a cubic crystal (cf. e.g. [6]). 

(a) =0. (1) 

In the present article we will consider the 
spinel-type lattice. This structure is 
typical of many ferromagnetic semiconductors 
(ferrites). The spinel lattice can be rep- 
resented as a face-centred lattice of oxygen 
ions, with different kinds of metal ators 
distributed in its tetrahedral (7) and 
octahedral (O) interstices [1]. 

To calculate the binding energy in lattices 
of this type, a special, simplified model of 
the spinel lattice was proposed [2], which 
reflects sufficiently fully the characteristic 


* Fiz. metal. metalloved. 6, No. 5, 781-785, 1958. 


properties of the lattice and permits simpli- 
fied calqwlations. The principal features of 
this model are as follows: 

The density of the oxygen electrons, as well 
as the density of the positive charges of the 
oxygen nuclei, which is equal in magnitude to 
the former, are considered to be spread 
uniformly throughout the whole lattice volume. 
Thus the overall electrostatic potential of 
such a lattice equals zero. The excess elec- 
trons of the oxygen ion, imparting the charge 
to the ion, as well as the valency electrons 
of the metal atoms (3d, 4s and 4p for atoms 
close to Fe), are considered to be distributed 
in the lattice with a constant density p. 
Their interactions with the metal-ion cores 
are allowed for by the usual statistical 
method [3]. Experimental data on the magnetic 
properties of spinels show that the electron 
shells of atoms of transition metals obey the 
rule of maximum multiplicity. For this reason, 
the electron phase spaces with left- and right- 
hand spins are considered separately. 

On the basis of this model, the lattice 
constant of a mixed spinel [2] was calculated 
in a case when, in the expression for the 
lattice energy, it is sufficient to take into 
account the following components: 

1. The electrostatic interaction of ions and 

the electron gas; 

2. The repulsion energy, due to the penetra- 
tion into the ionic core of a gas of 
“external’’ electrons, whose density is 
considered to be uniformly distributed 
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throughout the crystal. 


The lattice stability and the equilibrium 
value a, are determined by these two compo- $ (5) 
nents, and in comparison with these, other | tei -—|"*; 
components (for example the kinetic and ex- te = 3V3 
change energies of the electron gas) play a | s2= (» + sys) | 


secondary part. 
We will consider a mixed spinel of composi- 


tion 


A 


(2) 


where c; and ) ; determine the concentration 6 
and distribution of the atoms of kind 1 at T Z =¥ n,(c ky) 
and O lattice points. On describing by 
means of the general formula (2) various 
actual systems for which there exist experi- ' 
mental data, we will, for the sake of deter- Zo= he M= Ny, My = Ny, Ng = No, 
minability, assume that the elements in (2) ae 

have the following valencies: 


From the formula for the lattice constant 
in a model with a constant density [2] we 


obtain 


where n, — the number of electrons given up by 
an ion of kind k to the electron gas. The 
denominator of the term under the root in (4) 
can be transformed, using (5) and (6): 


4 
Qn Zp rt? 497, = nc, 


4 10 


where Ss, — constants characterizing the 
interaction of the electron gas with the k ion 
core; 2) and z7 - ion charges in O and T 


From (4), using the value of rO in Aunits, an 


expression is found for a: 


lattice points; rp and ry — radii of atomic 8 
spheres surrounding these points. The values (8) 
appearing in (4) can be written in a plain o = 3.27 yy | 

(3c, 


form, taking into account (2): 
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Sought 
S, 


General 
formula 


The values of n, obtained within the limits of 
the model selected [2] for the elements of 
interest to us are given in Table 1. In the 
series of elements Ti?? - Ge3?, the number n, 
includes all the electrons above the closed 3s 
- p-shell. For Mg and Al, n, contains the 
electrons above the closed 2s — p-shell, and 
Cd above* 3spd. 

To obtain the constants s, for the elements 
in Table 2, we employ the experimental data on 
the lattice constant a, for a number of simple 
systems [4](see Table 2). 


In the case of the systems considered in 
Table 2, the general formula (8) takes the 
following forms for the respective types of 
structures: 


a, = 3.27 (C(AC)O,), (9) 


4ny 


a= 3.27) (10) 


2 
a, = 3.27 / (A(AE)O,). 


7ny + 4n 


Sp 49 


Mp 


* In the last three elements, the choice of the 
groups of electrons included in the electron gas 
in the limits of the model adopted is not 
entirely obvious. The results quoted here give 
a better agreement with experimental data 
compared with a different choice of n,. In the 
present theory, this circumstance must be 
regarded as a criterion in differentiating 
between ‘‘inner’’ and ‘‘outer’’ electrons. 


Considering that S_ 5, =%, stand”, 
the value of s,, can be found from (9), tebins 
into account Table 2. Knowing Sp,, Soy can be 
found from (9), taking into account the data 
in Table 2. All the remaining values of s, 
can be found from (10) and (11), taking into 
account the data in Table 2 (see Table 3). 

It is now easy to find a, for different 
spinels from (10-11) and Table 3. 
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We will compare the values of a, obtained 
experimentally [4] with those calculated by 
the method described for systems not con- 
tained in Table 2 (see Table 4); the data 


in Table 2 were used for calculating sp. 
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TABLE 4 


If we assume that sz, = Soq = Spe then, 
as the Zn content increases, the lattice 
constant a, should decrease, which is in 
contrast to the experimental findings. Simi- 
larly, for the system Zn[FeoZn)_,Ti,_,]0,, @ 


a, a 


System 
exper. 


Fe(NiFe)0,. 8.36 8.27 
NiAl,0, 8.05 8.08 
ZA1,0/ 8.07 7.98 
ZnFe,0/ 8.42 8.27 
Fe(MnFe)0, 8.55 8.58 
Fe(CoFe)0, 8.36 8.27 


System nee. ‘meee. 
MeCr,0, 8.31 8.11 
MnAl 8.26 8.38 
CdFe,0, 8.69 8.60 
Fe(MeFe)0, 8. 36 8.14 
Ni(GeNi)O, 8.22 8. 26 


In the investigation [2], with the aid of 
formulae of the type (9)-(11), a relationship 
was established between a, and composition 
for a mixed spinel, but, to simplify calcu- 
lation, it was assumed that s, was the same 
for all ions of the system. With this treat- 
ment, it was found impossible to explain the 
behaviour of the curves of a,(c) established 
experimentally for some systems. It was 
shown in [2] that for this purpose it was 
necessary to take into consideration the dif- 
ferences between the values of the constants 
Sz. 
us now consider the system Zn Cd) _, 
(Fe,)0, [5]. Substituting in (8) the 
appropriate values from Table 3 and allowing 
for the structure of the system, it is easy 


to obtain: 
855 — 217¢ 


3.27 
124 — 24c 


(12) 
We will compare the changes in a, with the 
changes in the 2 content in the system 

Zn ,Cd; _(Fe,)0, (see Table 5). 


TABLE 5 

ay 
System exper theor. 
CdFe,0, 0 8.69 8.60 
Zn, C20, 0.25 8.63 8.53 
0.5 Fe 0.5 8.57 8.44 
on 0.75 8.51 8.37 
1.00 8.44 8.27 


simple formla with s, = const gives no 
variation in a,(c), whereas allowing for 
differences in s, gives a decrease in a with 
increasing Fe content, which agrees with the 
available experimental data for this system. 

Let us now consider a case likely to occur 
in practice, in which the curve of a)(c) has 
an extreme. Thus, for example, the curve of 
a,(c) in the system 
has a minimum at c =0.5 [5]; the curve of 
a,(c) in the system Mn.Fe,_, Cr,,Mn,_.Fe,_. 0, 
has a minimum at c = 0.06 [1]. The simplified 
method of calculation [2] does not provide an 
explanation for these minima. In the case of 
a mixed spinel, it is easy to obtain the 
following expression for a, from (8): 

a, + a,c 
where a, and a, - constants depending on s;,; 
a, and a, - constants depending on np. Let 
us now find the derivative of a, with respect 
to c: 
— a;Q4 

(az + (a, + 


(14) 
It can be seen from this derivative that 
this particular curve a,(c) has no extremes. 

In order to explain the presence of an 
extreme in the proposed scheme, it is 
necessary to allow for the fact that, with a 
content change, the structure also changes, 
i.e. that the mutability A (a magnitude 
characterizing the redistribution of metal 
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ions in the T and O lattice points) is a 
function of the content [1]. When the 
structures are examined in this manner, the 
expression (8) for the lattice constant will 
take the form: 


a; + 2 
a, + + (c) 


where a; - constants depending on s, and np. 

An inspection of the curve (15) shows that, 
for certain values of the constants a;, the 
curve of a,(c) can have extremes. 

Thus this form of the relationship a,(c) 
can also be explained by the theory investi- 
gated. 

The author wishes to express his gratitude 
to A.N. Orlov for discussion of this work and 


helpful advice. 


Translated internally 
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1. It is known that the change in the state 
of a solid body under the influence of a high 
pressure, i.e. the change in the elastic, 
electrical, thermal and other physicochemical 
properties, is governed by the compressibility 
of the solid body and its variation with 
pressure. 

The following methods are available for 
determining the coefficients of compres- 
sibility and the corresponding moduli of 
elasticity. 

(1) Coefficient of normal compressibility 


(1) 


Normal modulus of volume elasticity 


- volume of body at atmospheric 


the derivative is determined 


where 
pressure; 


in the following manner: 


V (p + Sp) — V(p) (1b) 
Op Ap+0 Ap 
HereA V = V (p)—V (0); V = V (p) — volume 
of body at pressure p*. 
(2) Coefficient of true or “instantaneous’’ 


compressibility 


* It follows from the formulae (1)-(3) that the 
dimensions of compressibility are equal to the 
reciprocal of the dimensions of pressure, i.e. 
are equal to LM!T?; the dimensions of the 
modulus of volume elasticity are the same as 
those of pressure, i.e. L~\wT72. The units 
adopted here are: pressure, kg/cm?; com- 
pressibility, cm?/kg; modulus of elasticity, 
kg/cm’. 


* Fiz. metal. metalloved. 6, No.5, 786-793, 1958. 


True modulus of volume elasticity 


(3) Coefficient of initial compressibility 


where - volume of body at T =p = 0. 
Modulus of initial volume elasticity 


(3a) 
The introduction of the concept of initial 
compressibility** is particularly convenient 
when calculating the coefficient of compres- 
sibility from the lattice energy, a quantum- 
mechanical calculation of the latter being 
at present only possible at a temperature of 
absolute zero and zero pressure, or from the 
volume-dependent part of internal energy in 
the equation of state of a solid body. 


In modern literature on the physics of the 
solid body, when experimental data on com- 
pressibility are discussed, the essential 
difference between the coefficients, as 
determined by the formulae (1)-(3), is not 
always recorded. Such uncritical use of 
different coefficients and moduli leads at 
times to distortion of the true picture in 
the interpretation of experiments on com- 
pressibility and its variation with pressure, 
and makes comparison of results from 


** For brevity, the word ‘‘compressibility’’ will 
sometimes be used in the following instead of 
the term ‘‘coefficient of compressibility’’. 
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different investigation difficult. It will 
be shown below that a formal difference in 
the determination of these coefficients and 
moduli results in a substantial difference in 
their physical interpretation. This becomes 
particularly noticeable upon evaluation of 
the first derivatives of the expressions in 
(1)-(3) with respect to pressure. For this 
reason, an effort to introduce clarity into 
the problem of determining quantitative 
relationships between the different magni- 
tudes in (1)-(3) and their first derivatives 
is of practical as well as academic 
interest. 

An analysis of the formulae (1)-(3) 
reveals in the first place that the values of 
the coefficients of compressibility and 
moduli of elasticity will depend to a large 
extent on the method of determination. Thus, 
for, example, the fraction 1/V, in the 
formula (1) remains constant as pressure 
increases, whereas the fraction 1/V in the 
formula (2) increases with increasing 
pressure. For this reason, the conception of 
the ‘‘instantaneous’’ or true compressibility 
(2) reflects more fully the physical nature 
of the processes taking place in a solid body 
under the action of high pressure. In the 
same way will also vary under pressure the 
corresponding moduli of volume elasticity, 
determined hy the formlae (la) and (2a). As 
an example, an investigation by Riabinin [1] 
may be quoted, who used the conception of the 
true compressibility (2) in extrapolating 
periodic compressibility properties of 
elements to ultra-high pressures. In this 
investigation he qualitatively obtained a new 
result, viz. that at pressures of the order 
of 200,000-500,000 kg/cm? the most compres- 
sible elements are the alkali earth metals 
(barium, strontium) and not the alkali metals 
(caesium, rubidium) as is the case at less 
elevated pressures. The initial compres- 
sibility and the corresponding modulus of 
elasticity can be seen from the formulae (3) 
and (3a) to have constant values. 

2. Differentiating the expressions (1)-(3) 
for the coefficients of compressibility and 
the corresponding moduli of volume elasticity 
with respect to pressure, we obtain the 
following formulae for the variation of these 


quantities with pressure: 


(5) 


(6) 


(4a) 


(5a) 
(6a) 


Even a cursory inspection of the formlae 
(4)-(6) thus obtained reveals qualitative and 
quantitative differences between the different 
derivatives with respect to pressure of the 
coefficients of compressibility and moduli of 
volume elasticity. On attempting a qualita- 
tive analysis of the effect of pressure on the 
quantities (1)-(6), one is faced with the 
necessity of formulating some definite 
hypothesis as regards the possible 
relationship between the volume of a solid 
body and pressure. 

Experiments show [2] that, in a wide range 
of pressures, the volume of a body varies non- 
linearly with pressure. It is, therefore, 
natural to assume that, in the first approxi- 
mation, the variation of the volume of a solid 
body under pressure can be described by some 
polynomial with no more than the square of 
pressure. It is then found that the normal 
compressibility (1) varies linearly with 
pressure, and the true compressibility (2) 
varies not less than as a quadratic function 
of pressure; the change of the normal 
compressibility with pressure (4) is indepen- 
dent of pressure, and the change of the true 
compressibility with pressure is proportional 
to not less than the square of pressure. Ina 
similar way it can be shown that the moduli of 
volume elasticity and their first derivatives 
with respect to pressure will be the same 
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functions of pressure as the corresponding 
coefficients of compressibility and their 
derivatives. If, however, it is assumed that 
the volume V is a function of the third or 
higher power of pressure (which appears to be 
the case with strongly-compressible substances 
and very high pressures, not accompanied by 
electron transitions), then the dependence of 
all coefficients and moduli on pressure will 
alter accordingly. This circumstance must be 
borne in mind in quantitative assessment of 


and when comparing the results of such asses- 
sment with the data for other substances. 
3. A clearer picture of the differences in 


bility and moduli of elasticity, and their 
derivatives with respect to pressure, as 
determined by the formulae (1)-(6), can be 
obtained by using the well-known empirical 
formula by Bridgman |2| for the variation of 
volume with pressure 


AY SAp— Bp* + ..., (7) 
Vo 

where A and B are values which are constant 
within a given range of pressures and are 
characteristics of a substance; they are of 
the order of magnitude of 107’ cm?/kg and 
10-12 cm‘/kg?, respectively. It mst be 
stressed that the empirical formula (7) was 
derived by Bridgman for a relatively narrow 
range of pressures (up to 100,000 kg/cm?) 
and with accuracy up to the terms containing 
the square of pressure. Thus, assessment of 
the quantities (1)- (6) by the formula (7) 
is only justified within the above range of 
pressures. Extrapolation of the formula (7), 
performed in some cases to the region of 
higher pressures, is, generally speaking, 
not valid, since at such high pressures the 
actual parameters A and R appear to vary 
with pressure. In addition, for strongly- 
compressible substances, it is probably 
necessary in the formla (7) to allow for 
terms with the third and higher powers of 
pressure. 

Using the approximation of the formula (7), 
the expressions (1)-(6) become: 


2A—2Bp (8), 2p, (8a) 
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the above magnitudes for any specific substance, 


the variation of the coefficients of compressi- 


x= A + 2(A®— B) p—6ABp?, (9) 
K=~-— p+ By pt (90 
(10), K,= = for p=0 (10a) 
= —2B (11), = (11a) 
~ 24% — 2B — 12ABp, (12) 

+ = (A?—B)?- Pp, (42a) 


=0 for p=0 (13), 
ake 0 for p=0 
dp 

An analysis of the empirical formulae 
(8)-(9) shows that the coefficient of 
normal compressibility (8) is a linear 
function of pressure, and the coefficient 
of true compressibility is a quadratic 
function, which is in better agreement with 
experimental data. A similar dependence on 
pressure is shown by the moduli of volume 
elasticity (8a) and (9a). 

Kornfel’d [3] and others [4, 5] have 
established that, in a wide range of pres- 
sures (up to 100,000 kg/cm2), the modulus 
of volume elasticity of the majority of 
solid elements and other campounds can be 
approximately represented, with sufficient 
accuracy for practical purposes, as a 
linear function of pressure. An analysis 
of these investigations has shown that a 
linear relationship between the modulus K 
and pressure occurs within definite ranges 
of pressures, which are fairly remote from 
the range of initial pressures; in the 
initial range, the variation of the modulus 
K with pressure is known to be non-linear. 
The authors of the above studies interpret 
the linear relationship between K and p 
with the aid of the equation of state [3]: 


K=n(p +7), (14) 


where n and 7 are constant parameters 
characterizing the substance. In view of 
the fact that the variation of the modulus 
K with pressure is non-linear, particularly 


(13a) 
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195 


Determination of the coefficients of compressibility and moduli 


in the initial range of pressures, we 
regard an extension of the formula (14) 
over the whole range of pressures as unjus- 
tified. As regards the parameter 7, 
obtained from the intersection of the 
straight line (14) with the axis of 
pressures, in view of the non-linear 
variation of K with p, its value may differ 
substantially from the results of the 
investigation [4]. The parameter n, 
according to (14) equals a (12a) shows 
that this parameter cannot be a constant, 
but will depend on pressure. A constant 
value of n will only be obtained for the 
linear approximation of K with pressure. 

In fact, by taking into account only the 
first term in the formula (12a), it can 
easily be show that the parameter nr is a 
constant quantity 


> (15) 


Further, by examining the formulae (8) 
and (12), one can make the following 
observations. For strongly-compressible 
substances (e.g. lithium, sodium, calcium, 
etc.), the value of the true compres- 
sibility is always greater than the value 
of the normal compressibility X ;> For 
slightly-compressible substances (e.g. 
chromium, nickel, iron, etc.), the dif- 
ference between the values of X and X 
is small. The derivative of the normal 
compressibility with respect to pressure, 


d 
2 is independent of pressure, whereas the 


derivative of the o, compressibility with 
respect to pressure, rm is a linear 


function of pressure; as pressure is first 


dx. dx, 
increased, ~— is greater than —, but at 
dp dp 


d 

higher pressures = becomes less than 
For slightly-compressible substances, 
the amount by which the true compressibility 
changes with pressure is practically indepen- 
dent of _—. The pressure at which the 


equality ap occurs can be deter- 


mined, according to (11) and (12), from the 
form la 


(16) 


6B 


For calcium and aluminium, for example, this 
pressure equals p = 2 x 10‘kg/cm? and p = 6.5 
x 10‘kg/cm?, respectively. As regards the 
variation of the modulus of volume elasticity 
with pressure, described by the formula (12a), 
this is found to be a linear function of 
pressure, and only at p = 0 has it a constant 
value of 2B/A? - 2. 

4. As examples of application of the 
formilae (8), (9), (8a) and (9a), we will 
calculate the change in the volume-elastic 
part of the internal lattice energy and the 
change in the characteristic Debye temperature 
with increasing pressure. It is known that 
the change in the internal energy of a solid 
body, when its volume changes from # to V, 
equals 


| pdv == | «V pdp. (17) 


Substituting in this formula the value of 
compressibility from the formula (8) or (9) 
and integrating over the whole range of 
pressures, we obtain 


AW (p) = Vol 


Formula (18) shows that, with this particular 
approximation, the volume-dependent part of 
the internal energy changes non-linearly with 
pressure. 

Formulae (8a) and (9a) may also be employed 
for the approximate quantitative determination 
of the change in the characteristic Debye 
temperature with pressure. Since the formulae 
describing the variation of certain physical 
properties of a solid body with pressure do 
not contain the actual parameter of pressure 
but the value of the Debye temperature which 
is related to it, a quantitative assessment - 
even if only approximate - of that temperature 
with a change in pressure permits a semi- 
quantitative interpretation of various 
physical properties in relation to pressure. 

Let us consider at first a linear model of 
a solid body, viz. a linear, monoatomic chain. 
It is known that, for such a case, the Debye 
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temperature is determined by the formula 


h 72 
where 2 = 1/, - few —is the coefficient 
of the elastic bord of lattice atoms, U(r) is 
the potential energy of atomic interaction, m 
is the atomic mass, and A and k are the 
Planck and Boltzmann constants, respectively. 

Since the modulus of volume elasticity can 
be calculated from the potential energy using 
the formula 


(20) 


the connexion between K and a can be expressed 
approximately in the form 


K 


Substituting next the value of K from the 
formula (21) in the formula (19), we obtain 


e ( 22) 


D™ 92x 
Subsequently, using the value of A, deter- 
mined by the formula (8a), in the formla 
(22), we find an approximate expression for 
quantitative determination of the rela- 
tionship between the change in the charac- 
teristic Debye temperature and pressure 


h 


8, =, (0)-(1+ 
where 
8, (0) = (23a) 
and, according to (10a), 
APB. (23) 


It readily follows from the formula (23) 
that the Dehye temperature increases with 
increasing pressure. This fact is in agree- 
ment with current physical views. 

When calculating the change in the 
characteristic temperature in the case of a 
real, three-dimensional solid body, it is 
necessary to start from the well-known 


fornula 
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(24) 


K 


where c is the mean velocity of propagation 
of elastic lattice waves, equal, in the 
case of an isotropic solid body, to the 
following quantity 


3 3 
trans 


and Clong 22d are the velocities of 
propagation of longitudinal and transverse 
elastic lattice waves, respectively. The 
velocities 804 Can be 
expressed in terms of compressibility nd 
Poisson’s ratio o by the formulae: 


(24a) 
long 


2 3(1 —s) 2 

where p = N/V is the density of the sub- 
stance. 

Using the experimental data by Lazarus [6] 
from the measurements of the constants of 
elasticity for a number of substances at 
pressures up to 10,000 kg/cm’, Gilvarry [7] 
calculated the variation of Poisson’s ratio 
with pressure for copper. The results of 
the calculations have shown that, in the 
pressure range of up to 10,000 kg/cm?, 
Poisson’s ratio is practically independent 
of pressure. Consequently, the ratios 

3(1 — 3(1 —3) 

in the formulae (24b) 


2(1 + a) 
can be considered, in the first approxi- 


mation, independent of pressure. Thus, 
knowing the relationship between X and V 

on the one hand and pressure on the other, 
and performing the appropriate calculations, 
we obtain an approximate relationship 
between the change in the Debye tempera- 
ture and pressure for a three-dimensional 


body 


3(1 — 9) 
trans 2(1+c)x-p ( 


85 (7) = (0) - {I+ 


A comparison of the formulae (23) and (25) 
shows that the difference between them lies 
in the terms 5A/3 and B, whose order of 
magnitude is lower than that of 28/A. 
Since only a qualitative examination of the 
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variation of the characteristic Debye tem- 
perature with pressure was intended, all 
subsequent quantitative calculations are 
made with the aid of the formula (23). 

In Fig. 1 are shown the results of calcu- 
lations of @ (p) for lithium, copper, 
aluminium, tungsten, cerium, rubidium 
iodide and potassium fluoride - all having 
widely different elastic properties. 

Ce CsI 


6 6 


px10* (kg/cm?) 
Relationship between Debye characteris- 
tic temperature and pressure for some 
substances. 


An inspection of the shape of the curves 
of @ (p) in Fig. 1 shows that the variation 
of @§ with pressure is greater in the more 
compressible substances (lithium, cerium 
iodide, rubidium iodide) than in the less 
compressible ones (aluminium); in the 
latter, @ is only slightly influenced by 
pressure. As regards cerium, the decrease 
of the Debye temperature observed in Fig. 1 
in the pressure range of up to 10,000 kg/cm? 
must be attributed to anomalous compres- 
sibility, confirmed experimentally, of cerium 
in this pressure range. It must be added 
that, in fact, Bridgman’s parameters A and B 
are not strictly constant in the pressure 
range investigated, i.e. up to 10° kg/cm’; 
they decrease slightly with increasing 
pressure, especially on approaching the upper 
limit of 105 kg/cm?. For this reason, the 
true curves (@-p) should at high pressures 
lie somewhat below the calculated ones, with 
the divergence increasing with increasing 


pressure. 
Extrapolation of the formula (23) to ultra- 


high pressures does not appear to be justi- 
fiable, since in the region of such pressures 
strong repelling forces arise between atoms 
as they approach one another, and the 
increase of the Debye temperature with 
pressure will take place much more rapidly 
than indicated by formula (23). 


CONCLUSIONS 


1. The concepts of true compressibility and 
true modulus of volume elasticity reflect 
better than others the physical nature of 
the phenomena occurring in a solid body 
under the influence of high pressure. 


. Exact (1)-(6) and approximate (8)-(13) 
relationships have been established 
between the various coefficients and their 
first derivatives with respect to pressure, 
permitting quantitative assessment of 
these values. 

. AS an illustration of the results of the 
investigation, simple formulae have been 
derived for approximate, semi-quantitative 
assessment of the variation, with increas- 
ing pressure, of the volume-elastic part 
of the internal energy in a solid body and 
of the Debye temperature. 


Translated internally 
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NON-DESTRUCTIVE TESTING 
MOVING MAGNETIC FIELDS 
IN A RAIL HEAD* 


Study of the magnetic flux in rails magnetized by a moving field source is 


of considerable importance for non-destructive testing. 


The magnetic flux 


distribution in a Type 1-A rail, magnetized in a transverse field, the 
source of which is moving at low velocity, has been studied by Polivanov [1]. 
It appeared of interest to study the magnetic flux in a rail head when 
magnetized ‘‘longitudinally’’ by a comparatively strong field moving at 


relatively high velocity. 


study the magnetic flux in a rail head; 


A description is given below of investigations to 


the work was carried out with the 


aid of a model showing the magnetization process for a rail in a moving field 


source [2, 3]. 


The magnetic field in the rail model can be investigated relatively simply 
by means of a coil which envelops part of the model and moves with it, 


relative to the field. 


In this connexion we shall consider the nature of the 


magnetization of rails and of the model, in the light of the study of the 
longitudinal component of the magnetic flux. 


SOME COMMENTS ON MAGNETIZATION OF 
RAILS AND OF THE MODEL 


The directions of the flux in a rail 
and in the model are shown schematically 
in Fig, la. The magnet moves in the 
direction shown by arrow v, whereas the rail 
model moves relative to the electromagnet, in 
the opposite direction. ‘This does not upset 
the similarity between the fluxes in than, 
since in similar systems the fluxes are pro- 
portional to each other. 

We are concerned with the case of motion at 
constant velocity. In this case the co- 
ordinate in the direction of motion is 
proportional to time. Consequently, the 
nature of the change of flux in some cross- 
section of the mgnetized body, with time, and 
its variation with co-ordinate in the 
direction of motion are both described by 
curves of identical shape, whether within a 
single system or for systems which are similar 
to each other. Therefore, in cases where we 
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are dealing with qualitative comparisons, it 
clearly makes no difference whether we 
describe magnetic flux as a function of time 
or of co-ordinate. However, it must still 
be borne in mind that the first relationship 
refers to a circuit associated with the 
body, whereas the second represents the flux 
distribution with respect to the field 
source. The relationship between longitu- 
dinal component of flux and time, under the 
conditions that the article has no residual 
magnetization and that the model involves no 
change whatever in flux, is shown by the 
broken line in Fig. 1b. 

When rails are magnetized by a moving 
electromagnet, the alternative cases may 
arise of the presence or absence in them of 
of some magnetization. In particular, 
magnetization will remain in rails which 
have already been magnetized by some non- 
destructive testing equipment or other. 
residual magnetization may be opposed in 
direction to the temporary magnetization 
ahead of the electromagnet, or it may 
coincide with it. The latter case occurs 


The 
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when the annular model rail is magnetized. 
The magnetization process in same arbitrarily 
selected area of the body in this case 
follows the curve shown in Fig. 2. 

As can be seen from this curve, magnetiza- 
tion starts not from the origin but from a 
point a, corresponding to the residual 
magnetization J. As the magnet approaches 
this area of the body, the field ahead of it 
increases from the initial 7 = 0 to a maximum 
Hy. At the same time the magnetization 
varies along curve ab, convex towards the 
horizontal axis. The field then starts to 
weaken, changes sign under the leading pole 
of the maget and increases to the value H,. 
This is accompanied hy a change in magneti- 
zation along the curve bac, to a limiting 
value J, in the gap between the magnet poles. 
the field then falls off again, changes 
direction under the second magnet pole and 
attains its maximum value H,. The magneti- 
zation likewise changes along curve cdb to 
the value I”. As the magnet recedes from the 
area under consideration, the field falls to 
zero, accompanied by a change in magnetiza- 
tion along curve ba concave towards the 
horizontal axis. 

The magnetic flux due to residual magneti- 
zation does not take part in producing e.m.f. 
in the coil moving along with the body in the 
magnetic field. Consequently the maximum 
value of flux in the rail model ahead of the 
electromagnet, as estimated by the e.m.f. in 
the coil, must be less than that behind the 
magnet. 

The eddy currents set up in the body bring 
about certain changes in the relationship of 
flux to time or to co-ordinate in the 
direction of motion. Thus, the field due to 
the eddy currents ahead of the electromagnet 
and in the gap between its poles will clearly 
oppose the external field. Behind the 
electromagnet, on the contrary, the eddy 
current field will coincide in direction with 
the external field. Moreover, the eddy cur- 
rents in the gap between the electromagnet 
poles must attenuate as the area in the rails 
or the model under consideration travels from 
the leading to the trailing pole of the 


electromagnet. 


Fig. 1. Schematic relationships between longi- 
tudinal component of magnetic flux in a part, 
electromotive force and time, when the part is 
magnetized under conditions of motion. 

@ 7-shaped magnet moving in direction v; 

6 broken curve — component of flux at low 
velocities, ignoring residual magnetization 
in part; continuous curve — same component 
at high velocities, taking eddy currents 
and residual magnetization into account; 

c e.m.f. in coil enveloping the part, with the 
plane of the turns perpendicular to direction 


of motion. 
b 
| ~ 
| 
| K, 
| 
! 
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Fig. 2. Magnetization of an area of the rail 
model. 


The variation with time of the longitudinal 
component of magnetic flux acting on the 
measuring coil, taking into account the 
features underlying magnetization in the rail 
model and the eddy currents developed in it, 
are shown schematically in Fig. 1b by the 
continuous curve. The derivative of this flux 
with respect to time, shown schematically in 
Fig. 1c, is the e.m.f. induced in the coil, 
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under the conditions that it moves together 


with the rail model and that the plane of its 


turns is aligned perpendicularly to the 
direction of motion. 


TECHNIQUE OF MAGNETIC FLUX MEASUREMENT 


During an experiment, the magnetic flux is 
revealed in the form of the e.m.f. shown 
schematically in Fig.1c. To find the flux 
one must proceed from the time derivative to 
the integral curve, shown by the continuous 
line in Fig.1b. This is done very simply ty 
means of electrical integration [4-7]. The 
essence of this is as follows. 

For the e.m.f. induced in the coil, one can 
write 


where € is the e.n.f. 
n the number of turns in the coil 


and 4 the time derivative of flux 


Multiplying both sides of this equation by 

dt and integrating, we obtain 
edt. (1) 
n 

An e.m.f. is integrated by means of an 
electrical cirqmit consisting of a resis- 
tance R and a capacitance C, connected in 
series. 

If the cirqmit parameters are selected so 
that the capacitative reactance is 
negligible in comparison with the ohmic 
resistance, it follows that the current 1 
in the circuit will be determined by the 
latter, i.e. 


‘= 
R 


The voltage on the capacitance is deter- 
mined by the relationship 


edt. 


Consequently, referring back to (1), 


we have is. 


Thus, the voltage on the capacitance is 
proportional to the magnetic flux. 
According to the paper by Clarke [5], 
satisfactory integration is obtained in 
cases where the resistance exceeds the 
reactance by a factor of 8-10 or more. It 
should be pointed out that both the 
primary pulse induced in the measuring 
coil and the product of its integratior 
are usually fairly weak and require 
amplification. 

An outline sketch of the equipment for 
studying the longitudinal component of 
magnetic flux in a railhead is given in 
Fig.3. Before selecting actual components 
for the amplifier-integrator, and means for 
recording the magnetic flux curves, some 
estimates mist be made. First of all one 
must build up a picture of the frequency 
composition of the pulses fed to the 
ampli fier. 

The primary e.m.f. pulse € (t) can be 
described by the Fourier integral 

= — JS) (int) do 


where 


S(w) = je (t) exp (—- jwt) dt — 


is the so-called frequency characteristic 


of the pulse, i =./-1, t = time, andw = 
2af, where f is the frequency. The 
secondary pulse, obtained hy integrating 
the e.m.f. developed in the coil, can be 
represented in a similar manner. 

To determine the frequency characteristic, 
the latter expression must be integrated 
with respect to time, which can only be done 
when € (t) can be written in an analytic 
form. In finding S(w), when €(t) is given 
in graphical form, as in the present case, 
it can be useful, generally speaking, to 
adopt the grapho-analytical method BE 
However, in the case we are interested in, a 
rough representation of the nature of the 
relationship between S(q@) andw and also 
certain details, can be obtained by the 
following method, not absolutely rigorous, 
but more straight forward 

The primary pulse, as can be seen from 
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Fig. 1c, is essentially double and 
consequently, according to [9], = w 
at low frequencies and S(w) = 1/w in the 
‘high’’ frequency range. In other words, 

the frequency characteristic of the primary 
pulse has a maximum corresponding to some 
frequency known as the fundamental frequency. 
Integration of the primary pulse € (t), as it 
is not difficult to see, is accompanied hy 
integration of the frequency characteristic 
S(w). The frequency characteristic S (w) 
obtained as a result of integration is 
related to the primary characteristic by the 
relationship [10]. 


(w) = $(w) under the condition 


thet —0, 
which it is easy to see is satisfied in the 
present case. Hence it follows that the 
fundamental frequency of the primary pulse, 
and of that obtained by integrating the 
latter with respect to time is clearly one 
and the same, notwithstanding the apparent 
difference in shape of the pulses. This, it 
seems to us, is quite natural, since the 
pulses under consideration are determined, 
at a given velocity of motion, by one and 
the same distance between the poles of the 
electromagnet hy means of which the rail 
model is magnetized. 

We shall estimate, to a first approxi- 
mation, the fundamental frequency for the 
pulses under consideration. For this 
purpose we shall use a part of the sine curve 
by which the pulse in Fig. 1c can be 
approximately represented. The fundamental 
frequency of the latter will obviously be 
close to that of the part of the sine curve. 
It can be found from the relationship 
fx & , where L is the distance between the 


electromagnet pole centres, and v the 
velocity of motion. We note that L = 12.6 
cm, whilst the minimum and maximum velocities 
during the experiments were 1.4 x 10° and 4.4 


x 102cm/sec respectively. Using these values, 


we obtain for the fundamental frequencies of 
of pulses of interest to us, the following 
values: f, = 110 c/s in the ‘‘low’’ speed 
range, and f}, = 360 c/s in the ‘high’’ speed 


Tange. 
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In addition to the fundamental frequency, 
we musv estimate the frequency range A f 
within which the major part of the pulse 
energy is concentrated. This range is 
determined by the pulse duration At. 
According to the curve in Fig. lc, we can 
write At = 2. Bearing in mind that Af = 


1/ A t, we have Af = x . Substituting the 
numerical values in this last expression, we 
find that the required range is 56 c/s for 
low speeds and 90 c/s in the ‘high’’ speed 
range. 


Using the values given above for funda- 
mental pulse frequency, and also the 
corresponding values for frequency band 
width, we find that the pulse shown in Fig. 
1c is characterized by the narrow frequency 
band between 50 and 550 c/s. This range 
obviously includes the pulses shown by the 
broken line in Fig.1b, since as already 
stated they have exactly the same fundamental 
frequency as the pulses in Fig le. Hence 
it follows that the amplifying equipment is 
subject to less stringent requirements in 
this case than where single rectangular 
pulses have to be amplified. 

All that has been said above refers to the 
longitudinal component of flux We were 
limited to measuring this component in the 
rail head for the reason that we had no 
equipment available for making small holes 
in the model with a view to studying flux 
distribution across the section. 

An outline sketch of the equipment for 
studying the longitudinal component of 
magnetic flux in a rail head is shown in 
Fig.3. In it the e.m.f., induced in the 
coil, is fed to the amplifier-integrator 
and then recorded by means of an MPO-2 
electro-magnetic oscillograph. 

The integrator circuit is shown in Fig. 4. 
This equipment was based on the integrating 
circuit proposed ty Adler [11]. We supple- 
mented it by an output stage, based on a 
triode-connected valve 6P3. The inte- 
grating circuit proper comprises a lywF 
capacitor and the resistance of valve 
6SJ7 (1 MQ), its anode load (0.33 
and the leakage resistance of the valve in 
the next stage (1 MQ). The resistance in 
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series with the capacitance comprises 0.25 
M{Q2. The capacitative reactance at 20 c/s 
frequency is 8.3 x 107 2. Consequently, 
at this frequency the voltage om the 
capacitor is 3.2 per cent of the voltage 
applied to the integrating circuit. This 
is quite satisfactory under the conditions 
of the present problem. It should be noted 
that with increasing frequency the voltage 
on the capacitor decreases. At the same 
time the accuracy of integration increases. 
Conversely at frequencies <20 c/s the 
error of integration increases with 
decreasing frequency. However, this is 
not of great importance, since the 
fundamental frequency range of the pulses to 
be amplified is in a higher frequency 
region, as was shown earlier. Moreover, it 
must be borne in mind that the frequency 
characteristic of the amplification stages 
ahead of and beyond the integration stage, 
with suitable coupling circuits, is recti- 
linear in the frequency range from 20 to 5 
x 10? c/s. The increase in voltage on the 
capacitor at low frequencies is balanced to 
some extent by the reduction in amplifica- 


tion ratio. 
Losrai 


Amplifier- 
integrator 


Fig. 3. Outline sketch of equipment for studying 
magnetic flux in a rail head magnetized under 
conditions of motion. 1 - rail model; 2 - 
electromagnet; 3 - measuring coil; 4 and 5 - 
rings and brushes for collecting e.m.f. from 
coil 3. 


As regards phase distortions in the 
pulses themselves, these are characterized, 
as is well-known, by the angle of phase 
shift, the cosine of which is numerically 
equal to the non-linearity of the frequency 
characteristic, i.e. to the ratio K/K, 


where K and K, are the amplification ratios 
at the frequency concerned and at the 
maximum frequency respectively. Thus, 

phase distortions in the frequency range 
from 20 to 5 x 103 c/s are of practically 
zero magnitude. In the range from 0 to D 
c/s, they increase with decreasing frequency, 
and are revealed as a reduction in the 
relative magnitude of the low-frequency 
components in the signal spectrum. 

In amplifying single pulses it is further- 
more necessary to take into account the 
errors due to transient processes in the 
coupling circuits between the amplification 
stages. Depending on the ratio of the 
pulse duration to the cirqmit time constant, 
coupling circuits can introduce distortions 
in the shape of the pulses to be amplified. 
When rectangular pulses are amplified, one 
can expect, for example, to chop the flat 
top, reducing its duration, and to overshoot 
the voltage in the opposite direction after 
the pulse has ended [13]. In this connexion 
the ratio between pulse duration and circuit 
time constant must be estimated. That part 
of the continuous curve in Fig. 1b, contained 
in the gap between the magnet poles, is 
approximately a rectangular pulse. In that 
case the ratio between pulse duration and 
circuit time constant is q = Sub- 


L 

stituting in this expression the values 
given earlier for L and v, and also the 
appropriate values for R and C from the 
the circuit in Fig.4, we find that q is 


Amplifier Integrator Amplifier 


Mm or nQ = megohm 


Fig. 4. Amplifier - integrator circuit. 
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between 0.03 and 0.09. At such q values 
the distortions introduced in the shape of 
single rectangular pulses are insignificant 
[14]. They are of course even less signifi- 
cant in the case of amplifying the sign- 
reversal pulses we are interested in. 

Errors due to non-linear amplification are 
introduced by each amplification stage. The 
largest error is that introduced by the 
amplifier output stage. It is within the 
limits of + 5% In actual fact this error 
was smaller, since in the investigation the 
amplitude corresponding to a half-wave of 
the pulse was alone taken into account. 

The amplification stages and corresponding 
coupling circuits were checked by visual 
observation of the shape of pulses devel- 
oped in the measuring coil and those 
obtained by integration. For this purpose 
an FO-4 electronic oscilloscope was used. 

The pulses, as was to be expected, passed 
through the corresponding parts of the 
equipment with no appreciable distortion. 

We note that for normal operation of the 
amplifier-integrator the voltage fed to the in- 
put of the first valve must be relatively low. 

To conclude the analysis of sources of error, 
reference must be made to the error intro- 
duced iy the recording equipment, i.e. ty the 
oscillograph vibrator. The latter utilized a 
Type I vibrator, with a natural frequency in 
air of 5 x 10% c/s. The relative error in 
reproduction of the pulse form by the vibra- 
tor was determined for a rectangular pulse 
by the Kharchenko method [15]. In this 
connexion the part of the pulse corres- 
ponding to the flux in the interpolar gap of 
the magnet (the continuous curve in Fig. 16) 
was approximated hy a rectangular pulse. As 
a result of the estimation it was found that 
the error introduced by the vibrator, at the 
velocities and for the distance betwea@ the 
magnet poles stated above, does not exceed 
*5% In actual fact it was apparently 
smaller, since the pulses to be measured are 
sign-reversing, as against that used for the 


calculation. 


RESULTS OF QUALITATIVE INVESTIGATION OF 
THE FLUX IN A RAIL HEAD 


The study of magnetic flux in the head of a 
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rail, magnetized by a moving field source, 
was carried out on the equipment described 
above, under the following conditions. To 
magnetize the rail model use was made of an 
electromagnet with pole-pieces either plane 
or cylindrical on the surface facing the 
object to be magnetized. These pole-pieces 
differed in that, in the first type, the 
distance between the rail model and the 
pole-face was practically constant over the 
Tength of the latter, whereas in the second 
type the distance increased from the mid-line 
of the pole-face to its edges in the direction 
of motion. Cylindrical pole-pieces have 
already been used in previous work [16]. In 
the experiments described below, the distance 
between the centre of the pole-face, in both 
types, is 5 mm, which corresponds to 17.5 mm 
for the case where a rail is magnetized by a 
similar electromagnet. The other conditions 
correspond to the case where a rail is 
magnetized by an electromagnet similar to the 
model, with a magneto-motive force of 23,000 
ampere-turns and magnet velocities of roughly 
16 and 40 km/hr. 

The results of the study of the longitu- 
dinal component of magnetic flux in a rail 
head are given in Figs. 5 to 8. Figs. 5 and 
6 show flux oscillograms for the electro- 
magnet with pole-pieces having a flat face 
towards the rail and of relatively short 
length (4 cm for the model, i.e. 14 cm for 
the original). The first oscillogram refers 
to motion of the electromagnet relative tu 
the rail at a velocity of 16 km/hr and the 
second, 40 km/hr. Note that the flux was 
recorded from left to right. Obviously the 
records must be read in this direction. The 
difference in scale along the films is 
explained by their different velocities 
during recording of the oscillograms. 

The general nature of the change with time 
of the longitudinal component of flux in the 
rail head, as can be seen from Fig.6, 
corresponds to the continuous curve in 
Fig.1b. Using this, it is possible to find 
the positions of the various areas on the 
oscillograms given in Figs. 5 and 6, relative 
to the electromagnet. With this in mind, we 
note from the Figs. the following points 
regarding the change with time of the mag- 
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netic flux in the rail head. In the gap 
between the electromagnet poles, at a 
velocity of 40 km/hr, the flux increases as 
the area under observation moves from the 
leading pole of the electromagnet to the 
trailing pole. This is due to the gradual 
attenuation of the eddy currents in the rail 
head as the trailing pole is approached, as 
observed previously by Khalileev and Vlasov 
[17]. At the low speed, as can be seen in 
Fig.5, the flux in this interpolar gap is 
essentially constant. Moreover, comparison 
of Figs. 5 and 6 shows that the flux compo- 
nent between the electromagnet poles at a 
velocity of 40 km/hr is notably less than 
at a velocity of 16 km/hr. 


Fig. 5. Relationship between longitudinal 
component of magnetic flux in rail head and time, 
when magnetized by an electromagnet with flat 
pole-faces towards the rail and pole-pieces 

14 cm long. Velocity 16 km/hr. 


~/|_ —— 


Fig. 6. As Fig.5, for velocity 40 km/hr. 


Fig. 7. As for Fig.5, but with electromagnet 
pole-pieces 28 cm long. Velocity 40 km/hr. 


Fig. 8. As Fig.5 but for electromagnet with 
curved pole faces towards the rail. Velocity 40 


km/hr. 


The nature of the variation, with time, 
of flux in the rail head depends on the 
shape and size of the electromagnet pole- 
pieces, as follows from a comparison of 
Figs. 6, 7 and 8, relating to a velocity 
of 40 km/hr. The oscillograms in Figs. 6 
and 7 were obtained with the same type of 
pole-piece, namely, with flat faces towards 
the rail. The pole-pieces used to obtain the 
oscillogram in Fig. 7, however, were twice 
the length of those in the case of Fig. 6. 
The curve in Fig. 8 relates to the case where 
the rail was magnetized ty an electro-magnet 
with the second type of pole-piece, i.e. with 
cylindrical faces towards the rail. It 
should be noted that the curves in Figs. 7 
and 8 must be read from right to left. 

A feature of the magnetization of a rail 
under conditions of motion is that the 
flux in the interpolar gap of the electro- 
magnet falls off with increasing velocity. 
In tnis respect no essential differences 
were observed in the magnetization of the 
rail head by an electromagnet with the 
various pole-pieces described. Further 
experiments were therefore carried out 
with pole-pieces of the first type. 


QUANTITATIVE ESTIMATION OF FLUX 
IN A RAILHEAD 


For a quantitative estimate of the longi- 
tudinal component of magnetic flux in a 
rail head, oscillograms were obtained under 
the following conditions. The distance 
between the electromagnet pole-pieces and 
the rail model was equivalent to a distance 
of 17.5 mm between a rail and an electro; 
magnet similar to the model. In these 
experiments the external field strength and 
the velocity were varied. 

The component of flux in the area of the 
rail head midway between the electromagnet 
poles was determined from the oscillograms 
with the aid of a diascope. The velocity of 
the magnetic field source relative to the 
rails was calculated from the distance 
between successive flux pulses on the film. 

The results of the flux measurements for 
the area of the rail head midway between the 
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electromagnet poles are presented in graphi- 
cal form in Fig.9. It should be noted that 
the integrator was not graduated in magnetic 
flux units. The curves were linked to the 
co-ordinate system in the following manner. 
Points equivalent to zero velocity were 
obtained by the ballistic method, without 
movement, by reversing the current in the 
electromagnet coil. This was done with the 
measuring coil, enveloping the rail model 
head, midway between the electro-magnet 
poles. As a result of these measurements 
certain figures were obtained, corresponding 
to the flux in the rail head in the absence 
of motion. The smallest of these figures 
was linked with the point obtained by 
extrapolating curve 1, which varies the most 
slowly, back to the ordinate axis. This 
made it possible to plot on the ordinate 
axis the points corresponding to zero 
velocity for curves 2 to 4. After this, the 
curves shown were extended through the 
corresponding points. Curve 5 was obtained 
from 4 by allowing for the heating of the 
rail model during an experiment. It lies 
below curve 4 which corresponds to it in the 
external field. As it is not difficult to 
to see, the analogous corrections for the 
other curves will be smaller as the external 
field is decreased. 

From Fig.9 it can be seen that the longi- 
tudinal component of magnetic flux in a rail 
head decreases with increasing velocity. 
Attention is drawn to the fact that the 
decrease in flux with increasing velocity 
does not take place uniformly but is a 
function of the external field. Thus at a 
certain velocity the flux increases with 
decreasing external field. At first sight 
this relationship seems paradoxical but we 
shall subsequently show that it is a conse- 


quence arising from the differential equation 


for the eddy current density induced in the 
corrent density induced in the component by 
the moving field. 


On the basis of the preceding data relative 
values were obtained for the magnetic flux in 
a rail head, taking as unity the flux produced 


by the same external field in the absence of 
motion, The relative values of flux for the 


area of rail head situated midway between the 
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electromagnet poles are presented in Fig. lu. 
Here curves 1 to 4 are experimental, and curve 
5 theoretical. The latter refers to the 
equivalent area to the cross-section of the 
rail head, in a longitudinal field set up 
instantaneously. Suitable relative values of 
flux for calculating curve 5 were taken from 
the paper by Tikhonov [18]. They were taken 
for the instants of time corresponding to 
passage of the given section of rail from the 
middle of the leading pole of the electro- 
magnet to the midpoint of the gap between the 
poles. The half distance between its pole 
centres is 22 cm, the radius of the cylinder 
is taken as 3 cm, magnetic permeability 170 
and electrical conductivity 5 x 1075 CGS 
units. It should be noted that curve 4 is 
qualitatively close to curve 5. Curve 5 is 
shown for comparison. It has a certain 
interest, we feel, in spite of the difference 
in mechanism between the magnetization of a 
cylinder by an aperiodic longitudinal field 
and the magnetization of a rail by a moving 


local field. 


10585 
5 
J | 
SA 
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v, km/hr 
Fig. 9. Relationship between longitudinal 
component of magnetic flux @ in the area of rail 
midway between the electro-magnet poles and vel- 
ocity v, for magnetomotive forces of: 1 - 11; 
2-15; 3 - 23; 4 - 39 thousand ampere-turns. 
Curve 5 obtained from 4, taking into account 
heating of the model. 


It follows from curves 1 to 4 that the 
relative flux component falls off, with 
increasing velocity, to a greater extent 
as the external field strength is increased. 
Comparison of curves 4 and 5 shows that the 
former lies somewhat above the latter, and 
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that they are of opposite curvature. This 
is apparently explained by the fact that the 
experimental curve was obtained under real 
conditions, whereas the theoretical was 
obtained under the assumption that magnetic 
permeability is independent of field strength. 

Thus, the magnetization of rails under 
conditions of motion differs substantially 
from their magnetization when at rest. This 
result contradicts the point of view put 
forward hy Sapozhnikov [19], regarding the 
magnetization of rails by a moving field 
source. 


~ 


i ! 
0 10 2 30 40 50 
v, km/hr 


Fig. 10. Relationship between relative component 
of flux $/, and velocity v, where and $ 
are the fluxes with and without motion respec- 
tively, for magnetomotive forces of: 1 - 11; 

2 - 15; 3 - 23; 4 - 39,000 ampere-turns. 

Curve 5 - theoretical, for the case of magneti- 
zing a cylinder of equivalent cross-sectional 
area to the head of a Type 1 -A rail, ina 
longitudinal field set up instantaneously. 


CONCLUSIONS 


The magnetization of rails under conditions 
of motion differs substantially from their 
magnetization by a stationary field source, 
other things being equal. The nature of the 
variation, with time, of the magnetic flux in 
a rail head depends on the shape and size of 
the electromagnet pole-pieces. A study was 
made of the longitudinal component of magnetic 
flux in the head of a type 1-A rail, magne- 
tized hy an electromagnet with pole-pieces 


having a plane face towards the rail. The 
longitudinal component of flux in the area of 
the rail head situated midway between the 
electromagnet poles falls off with increasing 
velocity and does so to an increasing extent 
as the external field is increased. Eddy 
currents in the rail head are attenuated as 
the area concerned moves from the leading to 
the trailing pole of the electromagnet. 

There follows from the work a proposition 
of importance for practical non-destructive 
testing, namely, that to inspect components 
under conditions of motion one need not 
strive to use powerful external fields. 


Translatea by Bishop 
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STATEMENT OF PROBLEM 


The effect of minor additions of Ag or Zn on the precipitation rate in super- 
saturated solid solutions of Cu in Al has been investigated previously [2]. A 
technique was used whereby it was only possible to observe the later stages of 
ageing; measurements were made on X-ray films of the density of precipitate 
phase (CuA,) lines, relative to the solid solution matrix lines. It was found 
that 0.2% Ag or Zn notably accelerate ageing in this stage, in Al +4% Cu alloy 
at temperatures between 300 and 400°C. 

On the basis of the data in references [3,4], it was suggested [2] that the 
accelerating effect of minor additions of Ag or Zn on the ageing of Al+4% Cu 
alloy is associated with the positive internal adsorption activity of Ag and Zn 
relative to Al. 

The possibility of explaining the accelerating effect of minor additions of 
Ag or Zn on the ageing of Al-Cu alloy, by the reduction of the solubility of 
copper in solid aluminium, is excluded by the results in reference [5]. 

Finally, in reference [6] it was found that in Al-Ag or Al-Zn solid solutions 


with Ag and Zn contents of 10-20%, the diffusion rate of copper is substan- 
tially higher than in pure aluminium. On the basis of this fact it was sugges- 
ted that the accelerating effect of 0.2% Ag or Zn on ageing may be explained by 
the more rapid diffusion of copper from the solid solution to the growing 
particles of precipitating phase, through a zone enriched by adsorption of silver 
or zinc. 

The technique previously used [1] to investigate the effect of minor additions 
of Ag and Zn on the ageing of Al-Mg alloys was based on plotting curves of the 
solid solution lattice parameter against ageing time. 

It is of interest to apply this method to investigating the effect of Ag or 
Zn additions on the ageing of Al-Cu alloys, in earlier stages than could be 
examined in the earlier work [2]. 

In reference [5], the solid solubility of Cu in Al was determined on the 
assumption that Ag or Zn additions do not alter the shape of the a = d (c) 
curve. This assumption required checking. 


*Fiz. met. metalloved., No.5, 804-808, 1958 . 
** of 


32 
VOL. 
| 6 
195€ 


Kinetics of ageing in alloys 


EXPERIMENTAL TECHNIQUE 


The alloys were made up from 99.99% pure Al of type AVOOO, 99.991% pure Cu, 
99.91% pure Zn and electrolytic silver. 

The alloys were made in graphite crucibles, under a remelted layer of 50% 
NaCl + 50% KC1 mixture, at a furnace temperature of about 900°C. The alloys 
containing Z and Ag additions were made by remelting the Al + 4% Cu master 
alloy previously prepared. 

The following alloys were made (compositions refer to the charge), to study 
the effect of Ag and Zn additions on ageing and on the solubility of Cu in Al 
(see Table 1). 


TABLE 1 
Chemical composition of alloys (wt % alloying elements, remainder Al) 


Alloy content, wt % Alloy content, wt % 
No. No. 
Cu Cu Ag Zn 


4.0 17 0.5 2.0 
4.0 18 1.0 
4.0 . 19 1.5 
4.0 : 20 2.0 
4.0 : 21 4.0 
4.0 22 0.5 
0.5 23 1.0 
1.0 1.5 
1.5 2.0 
2.0 4.0 
4.0 0.2 0.5 
0.5 0.2 1.0 
1.0 0.2 29 1.5 
1.5 0.2 2.0 
2.0 0.2 4.0 
4.0 0.2 


© 


All the alloys were worked after casting, to 75% reduction, and annealed 
10-20 hr at a temperature of 530°C to homogenize them. After annealing, the 
alloys were water-quenched. From each ingot, 2-3 specimens were obtained, 
which were tested in parallel. 

To investigate the effect of Ag or Zn additions on ageing, quenched speci- 
mens were held at a temperature of 245°C; ageing was interrupted to allow 
the specimens to be X-rayed, their condition being preserved by quenching. 

The specimens intended for solubility determinations were worked, after 
quenching, to 75% reduction and held at temperatures of 300 and 400°C for 60 
and 20 hr respectively, followed again by quenching. The furnace tempera- 
ture readings were accurate to *5°c. The heat treatments were carried out 
in air. 

The specimens were X-rayed by the back-reflection method in a KROS-i 
camera. Copper radiation was used (Ka,), measurements being made of the 
(511)-(333) lines. The specimen-film distance was determined by a calibra- 
tion exposure (pure aluminium). The temperature variation during individual 
exposures did not exceed * 1°C. The lattice parameters were converted to 


the 20°C values. 
The error of the relative lattice parameter determinations was * 0.0002 kX, 


33 
OL. 
6 
958 0.2 
0.2 
0.2 
0.2 
| 0.2 
4.0 
12 4.0 
13 4.0 
14 4.0 
15 4.0 
i6 
| 


Kinetics of ageing in alloys 


for the solubility determinations, and from + 0.0002 to + 0.0005 kX fcr the 
ageing study. The error in the solubility determinations did not excecd < 


0.2% (absolute). 


The effect of Ag and Z additions on the ageing of Al + 4% Mu 


alloys wes carried out by plotting curves in the co-ordinates solid solution 


lattice parameter ~— ageing time. 


To investigate the effect of Ag and Zn additions on the solubility of Cu in 
Al, curves were plotted of the solid solution lattice parameter against Cu 
content of the alloy (for a series of specimens quenched from different 


temperatures). 


EXPERIMENTAL RESULTS 


Curves of the relationship between solid 
solution lattice parameter and ageing time at 
245°C are given, for Al + 4% Cu alloys, in 
Fig. la; for similar allays with Ag additions, 
in Figs. 1b and c; Fig. 1d summarizes the 
curves in Figs. latoc. The curve for Al + 
4% Cu + 0.2% 2 alloy is given in Fig. 2. The 
curves were plotted from the results of a 
number of repeated experiments using specimens 
from different melts, In all the experiments, 
Ag or Zn additions somewhat retarded break- 
down of the solid solution, 

As can be seen from Fig. 1b, an 0.05 - 0.1% 
Ag addition exerts a retarding effect for the 
first two hr of ageing at 245°C. Additions 
of 0.2 - 0.5% Ag (Fig. 1c) slightly retard 
breakdown over the first 4 hr. 

Addition of 0.2% Mm to the Al + 4% @ alloy 
also slightly retards ageing at 245°C. 


Fig.3 shows in graphical form the results 
of determinations on the solubility of copper 
in pure aluminium (Fig. 3a) and in aluminium 
with additions of 0.2 (Fig. 3b) and 2% Ag 
(Fig.3c), and of 0.2 (Fig. 3d) and 4% Zn (Fig. 
3e) at temperatures of 30 and 400°C. The 
curves of lattice parameter against concen- 
tration, for ternary alloys as for binary, 
consist of two branches, one sloping and the 
other horizontal. Thus, the technique adopted 
in reference [5] cannot have led to an error. 
As can be seen from Fig.3, additions of 0.2% 
Zn or Ag have no really marked effect on the 
solubility of copper in aluminium, whereas 
additions of 2% Ag or 4% Zn slightly increase 
the solubility of copper. 


Fig. 1. Relationship of solid solution lattice 
parameter to ageing time at a temperature of 
245°C, for the alloys: a-Al+4%Q@; b6-A 
+ 4% Cu + 0.05% Ag (0) and Al + 4% Cu + 0.1% 
Ag(:); c — Al + 4% Cu + 0.2% Ag (0) and Al + 4% 
Cu + 0.5% Ag(-); @-— combined curves: 1 - Fig. 
la; 2 Fig.1b; 3 Fig. 1c. 


kX 


Fig. 2. Relationship of solid solution lattice 
parameter to ageing time at a temperature of 
245°C, for the alloys: 1 —- Al + 4% Cu (0); 

2 - Al + 4% Cu + 0.2% Zn (0). 
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cu content, % 


Fig. 3. Relationship of solid solution lattice 
parameter to copper content of alloy: a-—Al + 
Cu; 6 = Al # Cu + 0.2% Ag; c- Al + Cu + 0.2% 
Zn; ad — Al + Cu + 2% Ag; e — Al + Cu + 4% Zn. 
At 300°C (0) and 400°C (0). 


DISCUSSION OF RESULTS 


The question was discussed in reference [1] 
of the shape of the a = @(C) curve, i.e. the 
relationship between solid solution lattice 
parameter and concentration, for ternary alloys 
in which the content of one of the components 
is comstant. Data available in the literature 
[7] on the ternary Al-(u-2n system enables the 
observed shape of the a = for 
alloys to be explained. Fig.4 shows an iso- 
thermal section at 460°C of the aluminium-rich 
corner of the Al-(u-2M equilibrium diagram, in 


a+ Lig O+L 


Tou 


a 


Fig. 4. Aluminium-rich corner of the equilibrium 
diagram for the Al-Cu-Zm system. Isothermal 
section at 460°C, from reference [7]. 


accordance with reference [7]. It can be 
assumed that the aluminium-rich corner of the 
diagram will have the same shape, qualitatively 
speaking, at temperatures of 400 and 300°C. 
Fig.4 shows the direction of the tie-lines in 
the (a + @) field. As can be seen from the 
figure, the presence of a horizontal branch on 
the a = $(C) curve for Al-Cu-m alloys in the 
(a +@) field is associated with the fact 
that sections with constant zinc content (up to 
a few per cent) intersect the tie-lines at very 
small angles, whilst the isotherm determining 
the solid solution composition is almost paral- 
lel to the side of the composition triangle. 
Consequently, the lattice parameter of the 
ternary solid solution, along a constant-Zn 
section in the (a + @) field, is constant 
within the errors of measurement. As can be 
seen from Fig.4, increase in the zine content 
slowly increases the solid solubility of copper 
in aluminium, in agreement both with the res- 
ults in reference [5] and with those of the 
present work. 

Thus, the observed retardation in the 
precipitation from super-saturated solid 
solutions of copper in aluminium, under the 
influence of minor Ag or 2% additions, cannot 
be explained on the basis of change in the 
degree of supersaturation arising from change in 
the-solubility of the copper. The retardation 
of precipitation can be explained by the 
adsorption of these additions at the periphery 
of the ‘“pre-transition’’ formations, during the 
stage when the supersaturated solid solution is 
preparing to break down. The increased Ag or 
Zn concentration in the adsorption zones brings 
about a local increase in the solubility of the 
copper in the aluminium, i.e. a local reduction 
in the degree of supersaturation of the solid 
solution, and this in turn retards the forma- 
tion of nuclei of the new phase. 

Thus, minor additions of Ag or ™, which 
accelerate breakdown of the supersaturated 
aluminium-copper solid solution in the later 
stages of the breakdown [2], can retard ageing 
in earlier stages. 


CONCLUSIONS 


1. By constructing curves of solid 
solution lattice parameter against ageing 
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time, it has been found that additions of 
Ag (0.05 - 0. 5%) or @ (0. 2%) have a slight 
retarding effect on the precipitation from 
aluminium-copper solid solution, in the 
first stages of ageing at 245°C. 

2. The introduction of Ag or @® into age- 
hardening Al — 4% Qu alloy causes an 
increase in the solubility of Gu (slight 
for small Ag or Z concentrations and only 
notable at higher concentrations), and 
consequently the retarding effect of Ag or 
Zn on ageing cannot be explained entirely 
on the basis of change in the degree of 
supersaturation of the solid solution. 

3. The retarding effect of minor Ag and 
2 additions can be explained hy their 
internal adsorption on the pre-transition 
formations in the super-saturated solid 
solution, causing a substantial local 
increase in the Cu solubility in the zones 
enriched with respect to Ag or 2, and 
delaying the formation of nuclei of the new 
phase. 


Translated by E. Bishop 


1. 


. V.I. Arkharov and N.N. Skorniakov, Trud. inst. 
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AIM OF THE WORK 


Data have been published on the accelerating effect of minor additions of 
cadmium on the artificial ageing of Al-Cu alloys [2,3]. On the other hand, it 
has been observed that minor additions of Ag or Zn slightly retard the ageing 
of an Al + 4% Cu alloy, at a certain stage, at a temperature of 245°C [1]. It 


was suggested that the retarding effect of Ag or 2M on the ageing of Al-Cu 
alloys is associated with the internal adsorption of these additions. 

There are data which indicate that when several additions are present in an 
alloy, then either a major proportion of one of them may take part in internal 
adsorption, or different additions may take part in mutual adsorption. In the 
latter case the effects of the additions are superimposed. 

‘“‘Competition’’ and ‘‘co-operation’’ between the additions, as regards 
adsorption, was observed in a study of the effect of minor additions on the 
frontal diffusion of silver in polycrystalline copper [ 4]. 

Preferential adsorption of one of the surface active elements was observed 
in an X-ray study of internal adsorption in silver-base alloys (5). 

From this point of view, it was of interest to study the combined effect 
of Cd and Ag or Zn on the ageing of Al-Cu alloys in three stages, when Cd 
accelerates, whereas Ag or Zn slightly retards the precipitation from the 
supersaturated solid solution. 


EXPERIMENTAL TECHNIQUE 


The alloys and specimens were prepared by the technique previously described, 
[1], using the same materials. The quaternary alloys were made by remelting 
an Al + 4% Cu + 0.05% Cd master alloy previously prepared by adding chemically 
pure Cd to an Al + 4% Cu alloy. 

The following alloys were prepared (Table 1 gives the charge compositions): 


* Fiz. met. metalloved., 6, No.5, 809-811, 1958 . 
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TABLE 1 
Chemical composition of alloys (in wt % of alloys, remainder Al) 


Alloy 


Alloy content, wt % 


number Cd 


2 


0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 


WD 


0.5 
1.0 


The effects of Cd and Ag or 2M additions were investigated by plotting 
curves of lattice parameter against ageing time at 245°C. 
The technique of heat treating and X-raying the specimens was the same as 


in previous work [1]. 


EXPERIMENTAL RESULTS AND DISCUSSION 


The experimental results are shown in 
graphical] form in Figs. 1 and 2. As can be 
seen hy comparing Fig. 1 (curve 1) with Fig 
la of the preceding paper [1], the addition 
of 0.05% Cd greatly accelerates the ageing of 
Al + 4% Cu alloy at a temperature of 245°C. 
Whereas in the Al + 4% G alloy at this 
temperature, the lattice parameter reaches 
its equilibrium value roughly after ageing 
for 5hr [1], in the Al + 4% + 0.05% Cd alloy 
it is reached after 1.5 hr. 


Time, hours 
Fig. 1. Relationship of solid solution lattice 


parameter to ageing time at 245°C for alloys: 

1 - Al + 4% Cu + 0.05% Cd; 2 - Al + 4% G@ + 0.05% 
Cd + 0.05% Ag; 3 - Al + 4% Cu + 0.05% Cd + 0.1% 
Ag; 4 - Al + 4% Cu + 0.05% Cd + 0.2% Ag; 5 - Al 
+ 4% @ +0.05% Cd. 


Time, hours 


Fig. 2. Relationship of solid solution lattice 
parameter ageing time at 245°C for alloys: 
(-o-) - Al + 4% Cu + 0.05% Cd + 0.5% Z; 

(-.-) - Al + 4% Cu + 0.05% Cd + 1.0% Z@; 

(---) - Al + 4% Cu + 0.05% Cd. 


The accelerating effect of Cd om the 
precipitation from Al-Qi solid solution 
cannot be connected with change in the 
solubility of copper in the presence of 
cadmium, since acceleration could only be 
brought about hy a reduction in solubility, 
whereas the solubility of copper in pure 
aluminium is already practically nil at 
245°C. 

The solubility of Cd in Al is 0.12% at 
245°C according to reference [6], and about 
0.12% at 530°C according to reference [7]. 
It can be assumed, therefore, that in the 
Al + 4% Qi + 0.05% Cd alloy at a temperature 
of 245°C the Cd is in solid solution. 
Since, as already stated, the accelerating 
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effect of cadmium cannot be explained by 
change in the solubility of copper in 
aluminium, one of the possible causes of 
this effect may be the internal adsorption 
of Cd in the Al-Q alloy [8]. 

As can be seen from Fig, 1 (curves 2-5), 
additions of Ag to the Al + 4% Gi + 0.05% Cd 
alloy lowers the precipitation rate of the 
solid solutio. At a silver content of 
0.1%, the lattice parameter curve roughly 
coincides with the analogous curve for the 
Al + 4% Gu alloy without additions, and at a 
silver content of 0.5% with the curve for 
the Al + 4% Cu + 0.5% Ag alloy (see [1], 

Fig. 1c). 

Additions of Mm to the Al + 4% @ + 0.05% 
Cd alloy (Fig.2) exert a very minor effect 
on the precipitation rate of the solid 
solution, although additions of zinc to the 
Al + 4% Qu alloy have an effect analogous to 
that of silver additions [1]. 

At present there is insufficient factual 
material for a full explanation of the 
interactions of Cd and Ag or @ additions in 
the Al + 4% @ alloy. 

Mm the basis of ideas regarding the inter- 
action of surface active additions with 
respect to their internal adsorption, it can 
be suggested that the following hypothetical 
explanation is one of the possibilities. 

The increase in ageing rate for Al + 4% @ 
alloys due to Cd additions and its retarda- 
tion under the influence of Ag or Mm 
additions is associated with the internal 
adsorptions of Cd, Ag and Z in the Al-(u 
alloy. When both Cd and Ag are added to the 
alloys, they are simultaneously in the zones 
enriched hy adsorption, and their effects 
reinforce one another. When the Cd: Ag 
ratio is 1: 1, the effect of Cd predominates, 
when it is 1: 10, Ag has the predominating 
effect. When both Cd and Z are present in 
the alloy, the predominating role in internal 
adsorption is assumed by the cadmium, if the 
Cd : @M ratio is 1: 2 or more. 


CONCLUSIONS 


1. By plotting curves of lattice parameter 
against ageing time, it has been established 
that an addition of C.05% Cd to an Al + 4% 
Cu alloy has an accelerating effect on its 
ageing at a temperature of 245°C. 

2. The addition of silver to an Al + 4% @ 
+ 0.05% Cd alloy reduces the effect of the 
cadmium. The effect of the silver increases 
as its content in the alloy is increased. 

If the ratio of the Ag and Cd contents is 
10: 1 (by weight), the effect of the Cd is 
masked by that of the Ag. 

3. One possible explanation of the 
combined effect of Ag and Cd on the ageing 
of Al-Cu alloys is that both these additions 
participate in internal adsorption. 


Translated by Bishop 
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CARBON 


EFFECT OF GRAIN SIZE ON DIFFUSION OF 


| RON* 


I.E. KONTOROVICH and Iu.M. MERMEL’ SHTEIN 
Moscow Evening Institute of Metallurgy 


In papers devoted to diffusion, a 
distinction is not always made between 
volume and boundary diffusion, i.e. 
diffusion across the grains and diffusion 
across the grain boundaries. For polycrys- 
talline aggregates, such as industrial alloys 
constitute, the role of the grain boundary 
layers is of extreme importance. 

It is now regarded as established that the 
diffusion rate in polycrystals is higher, 
and the heat of activation correspondingly 
lower, than in single crystals. ‘Thus, it has 
been found [1], that the diffusion of 
molybdenum in polycrystalline tungsten at 
1600°C proceeds ten times as fast as in 
a single crystal, and that of carbon [2] four 
times as fast. Oopper [3] diffuses six times 


as fast in polycrystalline zinc as in a single 


crystal. Zinc behaves similarly [4] when 
diffusing in polycrystalline and single 
crystal copper. The acceleration of 
diffusion in polycrystalline materials is 
mainly explained hy the lattice distortions 
and looseness in the grain boundary layers. 

However, there are other data. In a metal- 
lurgical study of the diffusion of zinc in 
copper, Elam [5] did not observe preferential 
diffusion along the grain boundaries. No 
accelerating effect due to grain boundaries 
was established in a study of the diffusion 
of various elements in copper [3]. 

However, Achter and Smoluchowski [6], using 
radioactive silver deposited on copper, found 
that the depth of penetration of the silver 
was greater at the grain boundaries than 
within the grains, and the energy of activa- 
tion for grain boundary diffusion was esti- 
mated to be half that for diffusion within 
the grains (Q = 38000 kcal/g. atom). 

Arkharov and co-workers [7, 8] found by 
metallographic means that nickel, palladium 
and copper diffuse preferentially along the 
crystallite boundaries in technical iron, but 
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the presence in the iron of titanium, 
vanadium, niobium, molybdenum or boron 
retards the grain boundary diffusion of 
nickel. It has been established [7] that 
the diffusion of silver in alloys of iron 
with small amounts of palladium is inter- 
crystalline. 

Seith and Keil [9] were unable to find any 
grain size effect in the self-diffusion of 
lead, whilst Hevesy and Obrucheva [10], in 
studying the self-diffusion of radioactive 
lead isotopes, observed that the diffusion 
rate in a lead specimen of small grain size 
is considerably greater than in a specimen 
of large grain size. 

All the data given refer to systems, the 
components of which form substitutional 
solid solutions. When interstitial solid 
solutions are formed, the diffusion 
conditions and the energy state must be 
different. 

We have made a study [11] of the diffusion 
of nitrogen in iron of various grain sizes. 
It was found that the depth of the diffusion 
layer is smaller in fine-grained iron than in 
course- grained, and that a layer can be 
obtained of thickness varying, according to 
the grain size, from 0.26 to 0.60 mm. For 
the diffusion of nitrogen in iron, the grain 
boundaries do not accelerate diffusion, but 
on the contrary retard it. 

Another important system forming intersti- 
tial solid solutions is the iron-carbon 
system. It was of interest to determine the 
effect of grain size on the diffusion of 
carbon in iron. ‘The carburizing process can 
be utilized for this purpose. As is well 
known, the temperature which gives good 
carburizing is above thea+ytransformation 
temperature. Therefore, samples with dif- 
ferent grain sizes in the initial condition 
(before heating) change in grain size after 
carburizing, and consequently it does not 
appear possible to establish the effect of a 
previously fixed grain size on diffusion ine 
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Y-iron. There is, however, a further 
possibility, namely to find the change in 
diffusion as a function of the size of the 
austenite grain in which carbon diffusion 
will occur during carburizing. The austenite 
grain size, as is well known, can be deter- 
mined from the cementite network which forms 
along the grain boundaries if the carbon 
content is sufficiently high. The austenite 
grain size itself can be changed, for given 
heating conditions, by changing the initial 
ferrite grain size, since there is a func- 
tional relationship between the ferrite and 
austenite grain sizes. 

Armco-iron bars, 14 mm in diameter, were 
taken for the investigation. To obtain 
different grain sizes, specimens in the form 
of slugs 15 mm high, were compressed (upset) 
in an Amsler press to degrees of reduction of 
3, 5, 7, 9, 12, 15, 20, 30, 40, 50 and 65% 
After deformation some of the specimens were 
recrystallized for S hr at 680°C. Both the 
as-worked and the subsequently recrystallized 
specimens were then carburized in solid 
compound. To determine the effect of the 
thermal cycle on grain size, there was 
included in the carburizing box an iron tube 
closed with caps at both ends. Some of the 
as-worked specimens were loaded into the tube. 
Thus, these specimens were heat treated at 
the carburizing temperature, but were not 
subjected to the action of the carburizing 
gases or the simultaneous diffusion of carbon, 
in contrast to the carburized specimens. 
Specimens were carburized at a temperature of 
950°C for various times, and were cooled to 
room temperature in the furnace after treat- 
ment. After unloading the box, the carburized 
specimens were cleaned of sooty deposit, 
washed in-alcohol and weighed on an analytical 
balance. From the difference in weight 
before and after carburizing, the change in 
weight was found and converted to unit surface 
area. All the specimens were then examined 
under the microscope, to determine the depth 
of carburized layer and the grain size at 
various points in the specimen. The austenite 
grain size was determined from the cementite 
network in the hypereutectoid layer of the 
carburized specimens. Grain size was measured 
by the Saltykov method, in which valuesare ob- 
tained for grain surfaceareaper unit volume. 


Diffusion of carbon in iron 


The data on change in weight for the 
specimens, as a function of the various 
carburizing conditions, are given in Fig 1. 
As can be seen, the amount of absorbed 
carbon per square centimetre of specima 
surface increases with decreasing grain 
surface area per unit volume, i.e. as the 
structure becomes coarser. Thus, as the 
grain surface area is decreased from 43.2 to 
28.6 mm?/mm3, the amount of carbon absorbed 
per 1 cm? of surface increases from 7.5 to 
10.3 mg/cm?, i.e. by 25%. The change in 
grain surface area obtained in these tests 
corresponds to a coarsening of the grain by 
3 degrees on the ASM scale (from 6 to 3). 

As Fig. 1 shows, the increase in amount of 
carbon absorbed AG = f (= S) obeys a 
straight-line relationship, and a 1° 
coarsening of the structure is accompanied by 
a rise in the weight increase averaging 
1.15 - 1.2 me/cm?. 

Such a substantial change in the weight 
increase indicates that the part played by 
the grain size in the carburizing process is 
far from being an insignificant factor. 

Data on the change in amount of carbon 
absorbed with longer holding times at the 
same temperature show that the increase in 
weight remains proportional to the grain 
size, but the absolute value increases, 
whilst the difference in weight increase as 
between the coarse- and fine-grained 
conditions is still larger, as follows from 
the slope of the curves. For the grain sizes 
examined, the weight increase varies from 
14.0 mg/cm? for the coarse-grained condition 
to 9.18 mg/cm? for the fine-grained. 

For the specimens recrystallized before 
carburizing, the weight increase was again 
found to be greater as the structure became 
coarser and the value of > Smm?/mm? decreased, 
but the amount of carbon absorbed was smaller 
than for the unrecrystallized specimens. 
Moreover, the difference in weight increase 
between specimens of different grain size was 
also smaller than for specimens which were 
carburized in the as-worked condition. this 
indicates that carbon absorption depends both 
on grain size and apparently on the energy 
state of the grains. The higher level of 
surface energy directly after working and the 
greater lattice distortion at the grain 
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boundaries promotes accelerated diffusion and 
an increase in the amount of carbon absorbed. 
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Fig. 1. Relationship between grain size and amount 
of carbon absorbed after carburization at 950°C: 

1 - for 10 hr; 2 - for 16 hr; 2S is the grain 
surface area per unit volume. 
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Fig. 2. Relationship between grain size and depth 
of diffused layer after 8 hr carburization at 
950°C. I - hypoeutectoid zone; II_- eutectoid 
zone; III - hypereutectoid zone. S is the 
grain surface area per unit volume. 


The change in the total depth of the layer 
in relation to the grain size showed that 
for specimens which had not been specially 
annealed to recrystallize them, the depth of 
carbon diffusion increased as the grain was 
coarsened; for a decrease in the austenite 
grain surface area 2S from 43.2 to 28.6 
mm2/mm3 the total depth of carbon penetration 
(depth of the carburized layer) increased by more 
than 1 m, i.e. ly of the total depth in the 
coarse-grained condition, whilst the depth of 
the hypereutectoid layer was more than 
doubled. The relationship found is shown in 
Fig. 2. As can be seen, the increase in the 
total depth of the layer, as the grain size 
was increased from 5-6 to 3 on the scale, is 
due mainly to the increase in the outer 
hypereutectoid layer richest in carbon. The 
hypereutectoid layer, within the range of 
grain sizes examined, varies from 1.020 - 
0.850 to 0.442 - 0.368 mm. ‘The depths of the 
other layers, particularly the eutectoid 
layer, varies comparatively little. Thus, 


the absorption of carbon during carburization 
is concentrated mainly in the outer zone 
(Fig. 3). 

Comparison of the data on weight increase 
and layer depth clearly shows that they both 
vary in the same direction as a function of 
grain size. 

As with the observed change in the amount 
of absorbed carbon, the relative and 
absolute depths of the entire carburized 
layer and of the various zones were less for 
the specimens which had undergone recrystal- 
lization after deformation (Fig.4) than for 
those not recrystallized after deformation. 
The total depth of the layer in recrystalli- 
zed specimens varies from 2.2 to 1.6 mm, and 


Fig. 3. Microstructure after 8 hr carburization, 
at grain sizes of: a - = 28.6 
b D'S = 43.2 mm?/mm?; xX 62. 
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that of the hypereutectoid layer from 0.610 
to 0.342 mm. In this case, as for the 
unrecrystallized condition, the hypereutec- 
toid layer varies almcst twofold. ‘The change 
in depth of carbon diffusion with changing 
grain size is more pronounced than that of 
weight increase. This also indicates that 
the carbon in the recrystallized specimens is 
concentrated mainly in the surface layers. 
Comparison of the data on layer depth shows 
that the depth of carbon diffusion for 
spécimens in a state nearer to equilibrium 
(after prior recrystallization) is consider- 
ably smaller than in the deformed state. 
This again is evidence of the part played hy 
the grain boundary layers, not only in the 
process of carbon absorption at the surface, 
but also during its migration into the 


cimen. 
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Fig. 4. Relationship between grain size and depth 
of diffused layer after 8 hr carburization, for 
previously recrystallized specimens. I - hypoeu- 
tectoid zone; II - eutectoid zone; III - hypereu- 
tectoid zone; 2S is the grain surface area per 


unit volume. 


S 


Ly 


a 


Depth of layer, mm 


N 
No 


4 if 
36 38 40 42 
Grain size scale 


8 


Fig. 5. Relationship between grain size and depth of 
diffused layer after 16 hr carburization. I -hypo- 
eutectoid zone; II- eutectoid zone; III- hypereu- 
tectoid zone; DS is the grain surface area per unit 


volume. 


When the carburization time is increased 
to sixteen hours, there is an increase in 
the total depth of the layer, involving 
increases in both the hypereutectoid and 
hypoeutectoid zone thicknesses (Fig. 5). 

It is interesting to note that increase in 
the carburization time, which considerably 
increases the total layer depth, has a 
comparatively minor effect on the hyper- 
eutectoid layer depth; the hypoeutectoid 
layer increases more than does the hyper- 
eutectoid, whilst the eutectoid layer 
increases slightly. The effect of increasing 
the carburization time is such that changes 
in the grain size have more influence on the 
layer depth. Increase in the austenite 
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Fig. 6. Abnormal microstructure of cementite zone 
at DS = 40 mm?/mm?. X 147. 


Fig. 7. Abnormal microstructure of cementite 
zone at LS = 35 mm?/mm? X 147. 
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grain size, which reduces the boundary area, 
increases the depth of carbon diffusion. 
This indicates that as the grain boundary 
area is reduced, intracrystalline volume 
diffusion plays an increasing part and the 
effect of intercrystalline grain boundary 
diffusion becomes less. 

Examination of the microstructure showed 
that as the grain became finer the amount 
and size of the cementite particles increased. 
Consequently, refinement of the structure 
promotes concentration of the carbon in the 
surface zones and hinders its inward 
diffusion. As the grain is coarsened, the 
cementite precipitates in the hypereutectoid 
layer become finer and are distributed mainly 
along the pearlite grain boundaries. It was 
also shown that as the number of grains, or 
>» S, per unit volume increased, there was not 
only an increase in the amount of cementite, 
but also a reduction in the amount of 
pearlite, whilst ferrite needles appeared. 

Thus, in the specimen with \ S = 40 mm?/mn? 
(Fig.6), the microstructure in the hypereutec- 
toid layer consists of a continuous ferrite 
matrix, in which the cementite is embedded, 
the amount of pearlite being small, i.e. the 
specimen shows an abnormal structure and the 
degree of atmormality is very high. 

In the specimen with 2S = 35 mm2/mm3 
(Fig.7), the structural almormality is less 
pronounced; there is more pearlite than in 
the preceding specimen and there is less 


Fig. 8. Abnormal microstructure of cementite zone 
at OS = 31.0 mm?/mm?. X 147. 


structurally free ferrite, whilst the 
cementite is arranged mainly at the grain 
boundaries, forming a network. At J'S = 
31.0 mm2/mm? (Pig.8), the amormality is 
even less; the structurally free ferrite is 
very slight in amount, and the grains 
consist almost entirely of pearlite with a 
thickened cementite network along the 
boundaries. 

Thus, grain refinement produced an increase 
in the degree of atnommality. 


DISCUSSION OF RESULTS 


The results presented show that, in spite 
of the established view, reduction in the 
grain size promotes, not an increase, but a 
decrease in the amount of carbon diffusion. 
The depth of carbon diffusion also decreases 
with decreasing grain size. Carbon is mainly 
concentrated in the peripheral zone, changing 
the thickness of the hypereutectoid layer 
mainly, i.e. that containing structurally 
free cementite. The differences in layer 
thickness and structure, as between specimens 
of different grain sizes can reach consider- 
able proportions. 

The results obtained give grounds for 
considering that the change in grain boundary 
area accompanying change in grain size alters 
not only the overall quantity of carbon 
diffusing but its diffusion path also, i.e. 
the relative amounts of carbon diffusing 
through the grains and along the boundaries 
respectively. 

The increase in the amount of carbon 
diffusing as the grain boundary area is 
reduced shows that the volume diffusion rate 
for carbon is greater than the grain boundary 
diffusion rate. 

If the total weight increase is denoted by 
AG = AGy - AG,, where A Gy is the 
amount of carbon absorbed due to volume diffu- 
sion and A Gg the corresponding value for 
boundary diffusion. As the number of grains 
per unit volume is reduced the second term 
becomes smaller, and for single crystals 
G = AGy, since in this case only volume 
diffusion occurs. In polycrystalline aggre- 
gates, the value of A\Gg will increase with 

increasing grain boundary area. If, as the 


ro 
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number of grains increases, the total 
amount of carbon diffusing and its depth of 
penetration fall off, it will be quite 
legitimate to suppose that the grain boun- 
daries do not accelerate but rather hinder 
carbon diffusion. As we have shown earlier, 
grain size has a similar effect on the 
diffusion of nitrogen. 

The depth of diffusion at a given tempera- 
ture, as is well known, is found from the 
parabolic law y? = 2 pt, where 2p, in order 
of magnitude, is proportional to the 
diffusion coefficient. 

For identical diffusion conditions but 
different grain sizes, we must obviously write, 


y2 = yp = 
where the indices c and f signify coarse and 
fine grained material. 
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Fig. 9. The y* - t relationship for different 
values of grain surface area per unit volume. 
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For carbon diffusion in iron, as has been 
seen, Y.> Yfr SO that 2p, 2pr (Fig.9), 
i.e. the diffusion coefficient for carbon in 
iron, is greater in coarse-grained than in 
fine-grained material. 

The reduction in the depth of diffusion is 
probably associated with the fact that grain 
refinement leads to the formation of new 
surfaces which hinder the inwards penetration 
of the diffusing atoms perpendicular to the 
external surface. 


CON CLUSIONS 


1. It has been found that the diffusion of 
carbon in iron increases with increasing 
grain size. 


2. Depending on the grain size, the depth 
of the diffused layer can increase by 200- 


250%. 


3. The carbon concentration in the surface 
layers is greater in fine-grained than in 
coarse-grained iron. 

4. It is suggested that the increase in 
depth of the diffused layer when the grain 
size is increased is due to the higher 
volume diffusion rate for carbon. 

5. Plastic deformation promotes an increase 
both in the amount of carbon absorbed and in 
depth of diffusion. Recrystallization after 
deformation reduces the depth of carbon 
diffusion. 


Translated by Bishop 
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Deformation and recrystallization textures of the alloy 50NP in strips of 


different thickness have been studied by pole figures. 


When the thickness is 


decreased to 0.005 mm, a weakening of the (110) [112] orientation, together 
with an increase in the dispersion of the deformation texture and the 
disappearance of the cubic recrystallization texture are observed. The effect 
of the conditions of deformation on the texture has been demonstrated, and the 


texture of different layers of a strip 0.05 mm thick has been studied. 


The 


disappearance of the cubic recrystallization texture is explained by the 
intensified role of the surface layers in the thinnest strip. 


In strip Permalloy of composition 50% Fe - 
50% Ni (alloy 50NP), the generation of a 
high rectangular hysteresis loop in the 
direction of rolling, is ensured by textur- 
ing. In alloy A (79% Ni, 5% Mo) where the 
texture is weakly developed and cannot show 
any s"bstantial effect on the magnetic 
properties because of the small value of the 
constant of anisotropy, the rectangularity of 
the hysteresis loop (the ratio B./B,) in a 
strip of thickness 0.01 mm is known to be 
40 - 50 percent inall, whereas in the textured 
alloy 50NP of the same thickness, the rec- 
tangularity reaches the order of 90%. Strip 
of thickness less than 0.01 mm is required 
for a number of purposes. But an undesirable 
fall in the magnetic permeability and an 
increase in the power coefficient is observed 
with decreasing thickness. It is apropos of 
this, that a study of the change in texture 
of the alloy 50NP in relation to the thick- 
ness of the strip and the deformation con- 
ditions is of interest. 


A STUDY OF THE RELATIONSHIP BETWEEN THE 


DEFORMATION AND RECRYSTALLIZATION TEXTURES IN 
THE ALLOY 50NP AND THE STRIP THICKNESS 


Strip thickness 0.05: 0.02: 0.01 and 0.005 
mm was obtained from a thickness of 3 mm by cold 


* Fiz. metal. metalloved. 6, No.5, 819-824, 1958. 


mm was obtained from a thickness of 3 mm by 
cold rolling in a twenty roller mill with- 
out intermediate annealing: the amount of 
deformation was 98.3, 99.3, 99.7 and 99.8% 
respectively, 

Pole figure studies were made of the 
deformation and recrystallization textures, 
To construct the pole figures, two series of 
X-ray diffraction diagrams were obtained by 
reversing the specimen every 10° (the angle 
between the X-ray beam and the normal to the 
rolling plane varied): the rolling direction 
was vertical in the first series, horizontal 
in the second. The texture diagrams were 
taken by transmission in a Laue type camera 
with Mo-radiation. The intensity of the 
maxima on the texture diagrams were estimated 
by eye. The pole figures were constructed 
for three grades of intensity, the most 
intense being the blackest. 

Comarison of the texture diagrams of 
specimens of different thickness showed that 
with decreasing thickness, a change in the 
positions of the maxima is observed — a 
splitting of the maxima of the [111] ring 
along the horizontal diameter (Fig. 1). 
Analysis of the pole figures of a deformed 
strip 0.05 mm thick (Pig.2a-b) and strip 
0.005 mm thick (Fig. 3a-b) showed the 
presence of a number of orientations, of 
which the most intense are (110) [112], (112) 
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Texture of the alloy 50% Fe - 50% Ni 


Fig. 1. Texture diffraction diagrams of 
deformed strips of alloy 50NP of thickness: 
a - 0.05 mm, b - 0.02 mm, c - 0.01 mn, 

d - 0.005 mn. 


[ii1] and (236) [533] , that is orientatims 
characteristic of metals with a face-centred 
cubic lattice [1, 2]. The splitting of 
maxima in the [ii1], ring which was seen in 
texture diagrams of strips 0.005 mm thick, 
did not lead to sudden changes in texture 
but was expressed only in the change in form 
of the intamsity fields of the [111] pole 
figures. Comparison of the pole figures in 
Figs. 2a and 3a, shows that a weakening of 
the basic orientation of the deformation 
texture, (110) [112] takes place at the 
expense of the orientations (236) [533] and 
(112) [111] in strip 0.005 mm thick. 

Besides this, the [111] pole figure of strip 
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Fig. 2. Pole figures: a - {i111}, » - {200} 
of a deformed strip of 0.05 thick. 


Fig. 3. Pole figures: a - fill}, - {200} 
of a deformed strip 0.005 mm thick. 


0.005 thick, differs by having a greater 
area of the field of middle intensity, which 
fact is evidence of the increase in the 
dispersion of the orientations and of the 
increase in length of the disoriented crys- 
tals. The [200] pole figures of (Figs. 2b 
and 3b) have no essential differences. 

When the recrystallization textures of 
strips of different thicknesses are studied, 
a gradual disappearance of the recrystal- 
lization texture is detected when the strip 
decreases in thickness to 0.005 mm Fig. 4 
shows a texture diagram of strips of 
different thicknesses which had bem a 
annealed in the standard way: annealing tin 
vacuo in a container for 2 hr at 1100°C, 
then cooling the container in air. A strip 
0.05 mm thick has a cubic lattice with 
(001) [100] texture (Fig.5a-b); with 
decreasing thickness of the strip, the 
relative amount of disoriented grains 
increases, and in a strip 0.005 mm 
thick, the texture is almost completely 
absent. A similar disappearance of recrys- 
tallization texture in alloy 50NP had been 
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Fig. 4. Texture diffraction diagrams of 
strips which have been annealed at 1100°C and 
of thickness: a - 0.05 mm, b - 0,02 mn, 

c - 0.005 mn. 


Fig. 5. Pole figures: a - {111}, b - {200} 
of an annealed strip 0.05 mm thick. 


Fig. 6. Texture diffraction diagram of a 
strip 0.003 mm thick, annealed at 1100°C. 


Fig. 7. Pole figures: a- {111}, b- {200} 
of an annealed strip of alloy 50NP 0.003 mm 
thick. 


observed previously by Spachner and 
Rostocker [3], but the cause of this 
phenomenon was not established. As a result 
some discrepancies in the results are to be 
noted: in Spachner and Rostocker’s results 
complete disappearance of the recrystalli- 
zation texture took place in a strip 0.012 mm 
mm thick, whereas we observed the disappear- 
ance of the recrystallization texture when 
the thickness was decreased to 0.005 mm, and 
in some cases, traces of texture were 
preserved even in the thinner strip. Thus a 
strip 0.003 mm thick was rolled in a twenty 
roller mill, and after annealing had a 
distinct cubic texture, along with a great 
number of disoriented grains (Figs. 6 and 7 
a-b). Such discrepancies between our results 
and those of Spachner and Rostocker are 
obviously explained by the difference in the 
deformation conditions as will be shown 


in the following, 
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Texture of the alloy 50% Fe - 50% Ni 


THE EFFECT OF CHANGING THE DEFORMATION 
CONDITIONS ON THE DEFORMATION AND 
RECRYSTALLIZATION TEXTURES OF VERY THIN 
STRIP 


Strips 0.02; 0.01 and 0.005 mm thick were 
obtained by rolling in twenty roller and six 
roller mills, The rate of deformation, the 
tension of the strip and the lubrication were 
different. Comparison of the texture 
diagrams showed that the splitting of the 
maxima of the (111) ring, that is, a weaken- 
ing of the (110) [112] deformation texture, 
and also the disappearance of the recrystal- 


6 


Fig. 8. a-b - texture diffraction diagrams 
of strips 0.01 mm thick rolled in twenty and 
six roller mills respectively, b-c - of the 
same strips annealed at 1100°C. 


lization texture in the strip which had be@n 
rolled in the six roller mill appear to be 
more intense. Thus, recrystallization texture 
was already completely absent in the 0.01 mm 
thick strip (Fig. 8). The change in the 
conditions of deformation evidently therefore, 
affects both the deformation texture and the 
definition of the recrystallization texture of 
the very thin strip. In the future, it will 
be necessary to study the effect of the 
individual technological factors on the texture 
of the alloy 50 NP, in order to improve the 
recrystallization texture of the very thin 
strip. This will allow the rectangularity of 
the hysteresis loop to be increased in the 
direction of rolling, 


A STUDY OF THE TEXTURE OF DIFFERENT 
LAYERS OF THE ALLOY 50NP 


To show the difference in the texture of 
the very thin strip of Permalloy on the 
surface and in depth, the 0.05 mm thick 
strip was polished electrolytically. The 
conditions of the electrolytic polishing 
were the same as in [4]. 

The specimen forming the anode was placed 
in the tank with the electrolyte, which 
consisted of 800 cm of concentrated 
orthophosphoric acid and 200 g of chromic 
anhydride. Cr,0,. The current density was 
approximately 2 A/cm?, the temperature of 
the electrolyte rising to 60-80°C. The 
cathode was stainless steel and consisted of 
two leaves situated on either side of the 
specimen and at equal distances from it, so 
achieving bilateral polishing of the 
specimen. To study the texture in the 
surface layer, it was necessary to polish 
the specimen on only one side. To do this, 
special ‘twin’ specimens were prepared; two 
little strips were folded together and their 
edges fastened to one another with a lead 
casting. polishing such a specimen, 
metal was removed from the one side of each 
little strip and the surface layers remained. 
Specimens of thickness 0.03; 0.02; 0.01; 
0.005; 0.0025 mm were obtained by bilateral 
polishing; one sided polishing gave surface 
layers 0.02; 0.01; 0.0075 and 0.006 mm thick. 
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50 Texture of the alloy 50% Fe - 50% Ni 


Unfortunately thinner surface layers could 
not be isolated ‘The textures were studied 
by comparing X-ray diffraction diagrams 
taken at perpendicular incidence of the 
X-ray beam on the specimen plane (a = 0°). 
Malysis of the texture diagrams of the 
layers of the deformed specimen showed that 
as the surface was approached, there were 
seen: (a) an increase in the extension of 
the maxima on the Debye circles (that is, an 
increase in the dispersion of the texture); 
(b) splitting of the maxima in the (111) 
ring on the horizontal diameter, analogous 
to that which was seen in the very thin strip 
(Fig.9a-b). 
The texture diagram of the surface layer of 
the annealed specimen indicates a large 
number of disoriented grains, whereas 


the internal layer has perfect tex- 
ture, 

Consequently, even in the very thin strip of 
Permalloy, a decrease in the perfection of the 
texture is seen when passing from the core to 
the surface, as is found in the thick sheet of 
material [5]. 


The results which have been 
obtained must be regarded as preliminary. 
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For 


Fig. 9. Texture diffraction diagrams of 
different layers of a deformed specimen 0.005 
mm thick: a - internal layer 0.005 mm thick, 
b - surface layer 0.006 mm thick. 


a more detailed study of the textural features 
of very thin strip and of the textures in the 

different layers, the ionization X-ray method 

will be required and permitting a quantitative 
estimation of the orientations to be made. 


CON CLUSIONS 


1. The orientations (110) [112], (112) [111] 
and (236) [533] are the most intense orien- 
tations in deformed strip of alloy 50NP. As 
a result of annealing strip 0.05 mm thick, a 
distinct cubic recrystallization texture (001) 
[100] is formed. 


2. The difference between the deformation 
textures of strips 0.005 mm and 0.05 mm thick 
consists of a weakening of the orientation 
(110) [112] and an increase in length of the 
disoriented crystals in the less thick strip. 


3. Decrease in the thickness of strip from 
0.05 to 0.005 mm leads to a gradual disap- 
pearance of the recrystallization texture. 


4. The conditions of deformatim affect the 
deformation texture and the disappearance of 
the recrystallization texture in very thin 
strip. 


5. The large role played ty the surface 
layers in the very thin strip is evidently 
the cause of the disappearance of the 
recrystallization texture, and this is 
characterized hy the weakening of the orien- 
tations (110) [112] and the increase in the 
number of disoriented crystals. 


Translated by Ruhemann 
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INVESTIGATION OF THE CREEP OF METALS AND ALLOYS 


11. ON THE EFFECT OF THE REMOVAL OF DEFECTS ON THE 
KINETICS OF THE INITIAL STAGE OF THE CREEP OF 
METALS WITH A DEFORMED CRYSTAL LATTICE* 


IA. YE. GEGUZIN 
Kharkov Gorki State University 
(Received 25 February 1957) 


It is known that [1] under the influence of external forces, however small, 
deformations can be effected in a crystal solid which occur by the diffusion 
displacement of atoms, so-called diffusion creep. 

That at small external loads the kinetics of creep is determined by the 
rate of the diffusion displacement of the atoms is a concept supported by the 
coincidence of the activation energy of the self-diffusion process derived 
from data for self-diffusion and creep experiments. It may be suggested that 
the same processes which can affect the kinetics of self-diffusion in metals 
should also affect the kinetics of creep. 

In papers [2,3] on the investigation of the sintering of metal powders it 
6 was established that in metals with a deformed crystal lattice the self- 
958 diffusion coefficient is higher than in a lattice free from distortions. 

Being a highly structure-sensitive parameter the self-diffusion coefficient 
reflects the slight changes in the state of the crystal lattice. [3] 

We set ourselves the aim of following the initial stages of the creep in 
copper, the lattice of which is highly distorted. For the experiments we 
chose samples of plastically deformed copper and electrolytic copper. Their 
investigation is interesting both because data on the kinetics of the creep 
in samples with a distorted lattice can be a source of evidence on the 
kinetics of the removal of the distortions, and because ascertaining the 
regularities of creep under practical conditions is closely connected with 
the study of the effect of distortions on creep. 


METHOD OF EXPERIMENT sample was made by the ‘mirror and scale’’ 
method. The mirror was mounted on the axis 
For the measurements, an apparatus was of a small drum which tumed easily in an 
constructed which was an improvement on one agate bearing. The flexible portion of the 
described earlier [7] (Fig.1). The heating load suspension was wound round the drun, 
element used was a quartz tube with nichrome either hair or ‘‘capron’’ fibre were used for 
wiring covered with an asbestos layer ( ~— this purpose. To avoid the hair or fibre 
2 mm). The temperature characteristic of slipping on the drum, the former was lightly 
the apparatus was such that along the entire rubbed with colophony. By varying the 
length of the sample the temperature gradient diameter of the drum one can make measure- 
was very small ( ~/ 1°). This was achieved ments at different magnifications. In our 
both by winding the wire on the quartz tube experiments the measurements were made at 
unevenly and hy placing inside it a long magnificatims of 420 to 1100. The load, in 
copper tube. the form of a small iron rod, was suspended 
The measurement of the elongation of the in a thin glass test tube. Outside the test 
tube was a solenoid; by switching this on, 
the load could be taken off, freeing the 
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sample of the load. 

Plastically deformed samples were prepared 
from preliminarily annealed wire of 0.5 mm 
diameter. The wire was deformed by flat- 
tening between two plane-parallel hardened 
steel plates covered with a thin layer of 
oil. The magnitude of the deformation of 
the wire was given by the thickness of steel 
washers placed between the pressing surfaces, 
thus determining the final thickness of the 
sample. 

To fasten the sample, little balls were 
welded to its ends. Before welding the balls 
on, the ends of the deformed sample were bent 
into little cylinders. The material of these 
cylinders was melted in the arc. In order to 
avoid oxidization during the welding on of 
the balls and the removal of the distortions 
in the parts of the wire adjoining the balls, 
the welding was done under a layer of a 
solution of alkali in water while the part of 
the wire near the balls was pressed between 
two massive steel plates. The sample was 
mounted in the apparatus by means of double 
hooks of quartz. 

Samples of electrolytic copper were 
obtained by depositim from an acid copper 
bath (240-260 g/l. CuS0,, 50-70 g/l. H,S0,). 
The electrode on which the copper was 
deposited was rubbed with colloidal graphite, 
which permitted the deposited layer to be 
easily removed from the electrode backing. 
When a layer of the required thickness had 
been deposited (0.1-0.12 mm), a rubber band 
was put on the surface of the cover, the 
width of which determined the width of the 
future sample, and the process of deposition 
was then continued. 

With this technique a profiled cover was 
obtained which was cut into ribbons of the 
required width (1.5-3 mm). The thickening at 
the ends of these ribbons were needed to 
mount them in the apparatus and played the 
same role as the little balls welded on to 
the ends of the deformed samples. The 
electrolytic samples were mounted in the 
same way as the plastically deformed samples. 
In different experiments electrolytic samples 
were obtained with different anode current 


density. 
All measurements were made in a vacuum of 


10°? to 1073 mm. The specific loads 
applied to the samples in the experiments 
varied over a wide range, from 0.45 to 7 
kg/cm?; in all cases they were, however, 
less than the yield point. 


Thermocouple 


= 


Fig. 1. Schematic drawing of experimental 
apparatus. 


The experiments described below were made 
at a constant rate of heating [4]. ‘he 
effective viscosity was determined from the 
relation 


d /AL ‘ 
(1) 


where p is the specific load, w= d7/at the 
rate of heating, A L/L, the relative elonga- 
tion. In individual experiments the method 
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Creep of metals with a deformed crystal lattice 


of ‘‘constant rate of heating’’ was combined 
with the measurements of the rate of creep 
in isothermal conditions while the tempera- 
ture of the experiment was reached at a 
constant rate of heating. 


CONNEXION OF THE KINETICS OF THE EARLY 
STAGES OF CREEP WITH THE KINETICS 
OF THE REMOVAL OF DISTORTIONS 


Experiments show that on heating a loaded 
sample the lattice of which is distorted, 
the course of the function A L/L, = ¢ (7) 
from a certain temperature onwards begins to 
deviate from the usual “heating course”’ 
connected with thermal expansion. 

This deviation is the consequence of the 
developing creep. 

In the first series of experiments we made 
observations of the magnitude of the 
deviation of the observed elongation from the 
heating course and of the temperature at 
which the deviation begins as a function of 
the degree of distortion of the lattice. The 
existence and the nature of this function can 
be illustrated hy the results of experiments 
in which the creep of samples was observed 
which were obtained by pressing active copper 
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Fig. 2. Curves of the function/\L/L, = ¢ (t) 
for powder samples. The sign o marks the end of 
the heating process. 1. T = 450°; 2. T = 700°; 
3. T = 940°. 
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Fig. 3. Curves of the function L/Lp* =¢ (t)/ 
w = const. samples of plastically deformed 
metal. 1. First heating. 2. Second heating. 
3. Third heating. 
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Fig. 4. Curves of the function/\L/Lp* =¢ 
(T)/, = const. for samples with different degrees 
of lattice distortion. 1. J = A/in?; 2. = 
3 A/in?; 3. J = 0.7 A/in?; 4. Deformed sample. 


powder and subsequently flattening the 
pressing. The original porosity of the 
sample was 3 to 4 per cent, 

In Fig. 2 are show the experimental curves 
obtained from which the heating course is not 
subtracted. On first heating the deviation 
from the heating course as a consequence of 
the developing creep began at 210°C. After 
heating to 450°C and holding at that tempera- 
ture for a certain time the sample was cooled. 
On the second heating the deviation from the 
heating course was observed at a higher 
temperature (375°C) and on the third heating 
at a still higher temperature (540°C). 

During the third heating the sample was 
destroyed at 940°C. In the experiments 
described, the rise in the temperature at 
which the deviation from the linear heating 
course occurs is apparently connected with the 
fact that part of the distortion of the 
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Creep of metals with a deformed crystal lattice 


lattice was removed in the preceding heating. 

Similar experiments were made with samples 
of plastically deformed copper. After 
heating under load to 980°C and cooling, the 
sample was heated a second time at the same 
rate and then a third time. After subtrac- 
ting the heating course, the curves shown in 
Fig. 3 are obtained. The experimental curves 
show that (a) the elongation additional to 
that on heating and due to creep is greatest 
on the first heating and diminishes with the 
increase in the number of heatings; (b) the 
temperature at which the creep shows itself 
increases on subsequent heatings. 

The experiments described, which indicate a 
connexion between the state of the lattice 
and the kinetics of the initial stage of the 
diffusion creep, can be supplemented by 
experiments with electrolytic samples obtained 
with varying anode current density. This 
manner of making the experiments is natural 
since the degree of the lattice distortion of 
the electrolytic cover increases with 
increased anode current with which the cover 
was obtained. The results of these experi- 
ments are shown in Fig.4, where for compari- 
son the curve obtained in an experiment with 
a deformed sample is shown. ‘he curves of 
Fig.4 also show that the creep begins at 
temperatures which are the lower, and leads 
to elongations which are the greater, the 
greater the distortion of the lattice of the 
sample. Let us note here that plastic 
deformation, as can be seen from a comparison 
of the curves of Fig.4, leads to si stan- 
tially lesser deformations than those which 
occur in the lattice of electrolytic metal. 

Earlier it was noted that a sample obtained 
by pressing an electrolytic powder, when 
subsequently flattened, was destroyed after 
the third heating at 940°C. 

We often observed the destruction of samples 
of electrolytic origin in high temperature 
creep tests. The cause of this destruction 
appears to be the following. 

In the region of high temperatures vacancies 
may accumulate in various inhomogeneities and 
at the inter-grain boundaries, forming macro- 
scopic cavities. This effect was metal - 


lographically clearly observed [8] on annealing 


electrolytic copper. The accumulatim of 


vacancies at the inter-grain boundaries 
should lead to a reduction of the area of 
the sample and consequently to its 
destruction. In papers [9, 10] it was 
pointed out that an accumulation of 
vacancies should lead to the destruction of 


a loaded sample. 

With the help of a binocular microscope 
(X 30) one could convince oneself that in all 
cases the destruction of the sample ocaurs 
at the inter-grain boundaries. This observa- 
tion is in accord with the suggested cause 
of the destruction of electrolytic samples 
in high temperature creep tests. In con- 
nexion with the above we may point to paper 
[11] in which it was shown that at high 
temperatures the destruction of copper 
proceeds along the boundaries of the 
crystals and is of the nature of brittleness 
destruction. 

The second series of experiments was made 
with the object of tracing the effect of the 
rate of heating the deformed samples on the 
magnitude of the elongation due to diffusion 
creep. Experiments with plastically deformed 
samples were made at heating rates w of 5, 

15 and 50°/min with a specific load on the 
sample p of 5.75 kg/em?. After deducting the 
beating course, the experimental curves 
obtained for deformed samples are shown in 
Fig. 5. The curves show that the relative 
elongation increases with decreasing rate of 
heating the sample. 

It should be noted that the change in the 
magnitude of the elongation is not propor- 
tional to the change in the rate of heating. 
This is evident from Fig. 6 where the vis- 
cosity is show as a function of temperature. 

The curves in Fig. 6 show that with 
increasing rate at which the investigated 
sample is heated up to a certain temperature, 
the effective yield of the sample at the 
given temperature increases. Experiments 
made with samples of electrolytic origin at w 
= 2, 10, 50 and 100°/min. led to qualitatively 


the same results. 
The observations made in the two series of 


experiments described can be understood if for 
their explanation one makes use of the concept 
of the interconnexion of the processes of 
removing distortions and self-diffusion 
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processes developed in [2, 3, 5). 

Indeed, it can be suggested that in a 
metal with a distorted lattice there exist 
distortions of different degrees of stability 
and that the more stable distortions are 
removed at higher temperatures in a certain 
period of time. 

This process is accompanied by an enrich- 
ment of the lattice with excess vacancies 
[3,5] which facilitates a higher rate of 
diffusion processes which occur by means of 
the vacancy mechanism, in particular a 
higher rate of diffusion creep. Control 
experiments made with annealed copper wire 
show that under the identical experimental 
conditions (rate of heating, specific load), 
when plastically deformed samples and samples 
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Fig. 5. Curves of the function/A\L/Lp* = 

( 7) gues. for plastically deformed copper at 
different rates of heating. 1. w = 5°/min 
2. w = 15°/min 3. w = 50°/min. 
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Fig. 6. Curves of the function of the effective 
viscosity for samples of plastically deformed 
copper from data of experiments with different 
rates of heating. 1. w = 5°/min 2. w = 15°/min 
3. w = 50°/min. 
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Fig. 7. The functionAL/L = $ (t) for samples 
of electrolytic copper from the data of experi- 
ments made under a regime of heating. by stages 
(At = 20 min). 1. T= 700°C; 2. T = 800°C; 

3. T= 900°C; 4. T = 1000°C. 


of electrolytic origin reveal a considerable 
deviation from the ‘heating course”’, 
annealed samples show an elongation virtually 
only equal to the “heating course’’. 

On the first heating of a plastically 
deformed sample a considerable part of the 
crystal lattice recovers, the less stable 
imperfections disappear completely, and in 
connexion with this the temperature of the 
beginning of the deviation from the heating 
course rises on repeated heating. The 
decrease in size of the creep elongation on 
repeated heating of a deformed sample may be 
be the consequence of the fact that the 
removal of the distortions in previous heat- 
ings led to a decrease in the number of 
‘‘sources’’ of excess vacancies facilitating 
the acceleration of the self-diffusion 
processes. The increase in the effective 
yield of the deformed sample with rising rate 
of heating is also in agreement with the 
concept that the removal of the distortions 
facilitated the acceleration of creep. At 
higher rates of heating a larger number of 
distortions is preserved to the given 
temperature and their removal results in 
a higher value for the effective yield 
compared with that of a sample heated more 
slowly. 

As in paper [3], where the kinetics of 
sintering was studied under a regime of 
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heating by stages, in our work we also traced 
the kinetics of creep under a regime of 
heating by stages, each isothermal stage 
lasting A= 20 min. (Fig. 7). The curves 
obtained are similar to those described in 
[3]. 

The experiments described show that all the 
regularities of the interconnexion between 
the kinetics of self-diffusion in a distorted 
lattice and the kinetics of the removal of 
the distortions which were earlier ascer- 
tained [2, 3, 5] from experiments on 
sintering, occur also in the creep of metals 
with greatly distorted lattice. This 
conclusion is in agreement with the point of 
view of the authors of [6] according to 
which sintering is diffusion creep occurring 
under the influence of the forces of surface 
tension. 
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Fig. 8. X-ray photographs obtained from samples 
of plastically deformed copper. a: original; 
b: after heating to 232°C; c: to 327°C; d: to 
668°C; e: to 960°C; rate of heating w = 
25° /min. 


Besides the experiments in which the creep 
of deformed copper samples and electrolytic 
copper samples was observed, X-ray experi- 
ments were made on similar samples to trace 
the process of recrystallization which 
occurs during the heating of the sample. 

Six copper samples were suspended in the 
creep apparatus by means of wires of metals 
and alloys with different melting points. 
The following materials were used for the 
wires: lead-bismuth eutectic (T, = 125°Q), 
lead-tin eutectic 183°C), tin 
232°C), lead 327°C), aluminium 
668°C) and silver as 960°C). When all 
samples were simultaneously heated at a 
given rate (w = 2°/min.), each sample fell 
into cold part of the apparatus as soon as 
the melting point of the corresponding 
suspension wire was reached, and thus the 
state of the sample was fixed which corres- 
ponded to the temperature to which it had 
been heated. All six samples were then 
X-rayed with the back reflection method, the 
(420) line being in focus. Some of the 
photographs obtained with plastically defor- 
med samples are reproduced in Fig. 8. By 
comparing the X-ray photographs with the 
creep curves one can draw the qualitative 
conclusion that the process of cumulative 
recrystallization which occurs during the 
heating of the deformed sample does not lead 
to the complete elimination of the causes 
producing the increased rate of creep. 

The cause of the increased rate of creep 
may be the presence of a developed network 
of microfissures [12] existing in the electro- 
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lytic metal or originating during the 
Plastic deformation of the metal. ‘he 
microfissures in the lattice may be 
preserved during the enlargement of the 
grains and cause the increased rate of creep 
at temperatures at which the enlargement of 
the grains due to recrystallization is 
plainly observed. 


CONCLUSIONS 


1. The earlier described 2,3,5 regulari- 
ties of the connexion between the kinetics 
of deformation in deformed lattices and the 
kinetics of self-diffusion processes estab- 
lished on the basis of data for the sintering 
of porous powders are common both to 
sintering and to the early stages of dif- 


fusion creep. 
2. The cumulative recrystallization which 


occurs in the process of heating is not 
accompanied by the complete elimination of 
the causes for the increased rate of creep. 
A possible cause is a developed network of 
microfissures. 


Translated by B, Ruhemann 
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X-RAY INVESTIGATION OF THE STRUCTURE OF THE 
FERROMAGNETIC ALLOYS FE-MO AND FE-MO-CO.* 
B.Ia. FiNES AND I.N. BARUTKIN 
Kharkov Gorki State University 
(Received 17 May 1957) 


Harmonic analysis was made of the shape of the lines of X-ray photographs to 
determine the magnitude of the microstrains and the state of dispersion of the 
paramagnetic inclusions in the alloys Fe-Mo and Fe-Mo-Co after various heat 


treatments. 


In the dispersion-hardening alloys Fe-Mo 
and Fe-Mo-Co certain dispersed phasest are 
precipitated from the supercooled solid 
solution on tempering [1 - 3], which is 
accompanied hy an increase in the coercive 
force H,. The maximum value of H, is reached 
only at the optimum tempering temperature. 
The suggestion has been made [3] that not 
only the amount of the precipitating phase 
but also its state of dispersion affects the 
magnitude of H, in these alloys (‘‘inclusion 
theory’’). Quantitative data on the degree 


of dispersion of the inclusions formed in 


the alloys Fe-Mo and Fe-Mo-O has, however, 
not yet been reported. Nor is it excluded 
that in the tempering process microstrains¢ 
appear in the solid solution (the matrix) 
the effect of which on the magnitude of H. 
may be very considerable (‘‘strain theory’’). 

The presence of microstrains and finely 
dispersed phases in the solid can be 
established with X-rays. From the “shape’’ 
of the diffuse X-ray lines one can determine 
the magnitude of the microstrains and the 
mean size of the finely dispersed regions. 
This method has repeatedly been used in the 
study of structural changes in cold-deformed 
metals [7], the tempering of quenched steel 
(9], etc. 

In the present paper the same method was 
used to study the alloys Fe-Mo (79% Fe, 21% 


* Fiz. metal. metalloved. 6, No.5, 832 - 837, 
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t In Fe-Mo alloys the phase Fe.Mo., and in 
Fe-Mo-Co alloys the so-called @ phase (solid 
solution of Co in FesMoo. 

+The precipitating phase is radically different 
from the solid solution in specific volume (see 


[10)). 


The structural features are compared with the magnetic properties. 


Mo) and Fe-Mo-Co (74% Fe, 16% Mo, 10% Co) 
with the object of ascertaining the causes 
for the change in H, in the process of heat 
treatment. 

The samples had the form of cylinders of 
8.2 mm diameter and 15 m height. The X-ray 
photographs were obtained with a sharp- focus 
X-ray tube in a camera (114 mm diameter) 
which enabled photographs to be taken of a 6 
polished surface rotating around an axis 
perpendicular to the plane of the surface. 

Radiation from an iron anti-cathode was used 
The magnetic measurements were made hy the 
ballistic method. 

Table 1 shows the heat treatment and the 
magnetic characteristics of some of the 
samples examined. The photometer curves of 
the Kq line (211) which correspond to the 
solid solutions%* of these samples are given 
in Fig. 1. Different ‘‘shapes’’ of the curves 
correspond to different H.. Each curve was 
resolved into a Fourier series over 4.8 mm at 
0.1mm intervals. The “shape” of the curves 
of “true’’ diffuseness (the Fourier coef- 
ficients A, was determined from the Fourier 
coefficients of the diffuse curves 2, 3, 4 
(Fig. la) and 23,4 (Fig. 1b) and the instru- 
ment curves (see [6,7]).Fig. 2 shows the 
Fourier coefficients A, as functions of the 
number t. The form of the curves A,(t) shows 
that the observed diffuseness of the lines in 
the X-ray photographs of the alloys Fe-Mo 
and Fe-Mo-Co investigated are due in the main 
to microdeformations of the crystal lattice 
(microst rains) ** 

Microdeformations of the crystal lattice 


* With a volume centred cubic lattice 


t = 0 0 (see [6,7]) 
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Fig. 1a. Photometer curves of the Ka line (211) 
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Fig. 2. Coefficients A, of the series for samples 
of alloys. a. Fe-Mo. 1: Quenching from 1350°; 
2: tempering at 650°, 15 min; 3: tempering at 
650°, 1hr; 4: tempering at 650°, 1 hr + 750°, 

3 hr. b. Fe-Mo-Co. 1: Quenching from 1300°; 

2: tempering at 600°, 15 min; 3: tempering at 
600°, 5 hr; 4: tempering at 600°, 10 hr + 700°, 


2 hr. 


are characterized by the mean square displace- 
ment V AL? of parts situated at a distance 

L. The quantity V aD was calculated from 
the coefficients A,. The curves V AL = r 
(t) are show in Fig. 3. For the given 
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Fig. 3. Microdeformation curves. 
a: Fe-Mo. 1: quenching from 1350°; 2: tempering 
at 650°, 15 min.; 3: tempering at 650°, 1 hr; 
4: tempering at 650°, 1 hr + 750°, 3 hr. 
b: Fe-Mo-Co. 1: quenching from 1300°; 2: tem- 
pering at 600°, 5 hr; 4: tempering at 600°, 10 
hr + 700°, 2 hr. 


alloys homogeneity of the microdeformations 
is observed in section of 100-250 & The 
magnitude of the relative microdeformation 
can be calculated by the formula. |/ 


The mean value of the internal microstrains 


V ae 


relative microdeformation € by the relation 


— 


where E is the modulus of normal elasticity*. 
The values for e and V az. calculated in 


this way are also given in Table 1. 

With the appropriate heat treatment the 
microstrains in the alloys Fe-Mo and 
Fe-Mo-Co reach considerable magnitude; the 
‘‘period’’ of these strains (see [8]) appears 
to be approximately equal to the linear size 
of the homogeneously strained regions (™~ 
250 &). 

Fig. 4 shows the curves 47 Is H.. Bp and 
V a3? for the alloy Fe-Mo as a function of 
the time of tempering at 650° afd then at 
750°. A comparison of the curves for 47 ' 
and |/ je makes it likely that the micro- 


strain in the alloy Fe-Mo on tempering 
appears in connexion with the precipitation 
from the solution of the paramagnetic phase 


Fe MO, (as a consequence of the difference 


is approximately connected with the 


* For the alloys Fe-Mo and Fe-Mo-Co E ~ 21,000 kg/mm. 
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TABLE 1 


Heat treatment 


tempering at 750°, 3 hr 


Quenching from 1350° in water 

Quenching and tempering at 650°, 15 min 
Quenching and tempering at 650°, 1 hr 
Quenching and tempering at 650°, 1 hr, and 


tempering at 700°, 2 hr 


Quenching from 1300° in water 

@ienching and tempering at 600°, 15 min 
Quenching and tempering at 600°, 5 hr 
Qienching and tempering at 600°, 10 hr and 


in the specific volumes of the initial and 
the precipitating phase). The initial growth 


of / A.awith time is probably due to the 


increase in the amount of the precipitating 


phase and the decrease in]|/ Ac? in the temper- 


ing period to the reverse solution of the 6 
phase Fe ,MO 

Oersted 4c 44/510 
049 
exp et 


P 
1518 


M% 


Tempered Tempered - 


50° at 750° 
Fig. 4. Properties of the alloy Fe-Mo as 


functions of tempering time at 650 and 750°. 
According to the data of Fig. 4 the course 
of the Hi, curve is virtually the same as for 


the V ae curve. This makes it possible to 


suggest that in the alloy Fe-Mo the coercive 
force is due to the micro-strains. In that 
case the magnitude of H,, can be calculated 


from the formula of the so-called ‘‘strain 
theory’ [3]. 
As 


s 


(1) 
Here \ , is the magnetostriction constant, 

I, the technical saturation and p a factor 
depending on the “‘period’’ of the strains l 
and on the thickness § of the boundary layer 
between the areas (p = 1/§ for 1< § and 
8/1 for§ <1). Calculation of H. from 
formula (1) leads to the curve _theor. shown 
in Fig. 4 (it was assumed that ) , = 2x1075 , 
p =1, since 1 ~ 250 = § ). 

One observes (see Fig. 4) good agreement 
between the curves and H.°*P-, This 
confims the above suggestion that in the Fe- 
Mo alloy investigated the coercive force is 
due to microstrains in the ferromagnetic 
matrix. 

' In the alloy Fe-Mo-Co, as in the alloy 
Fe-Mo, the microstrains in the matrix are 
conditioned by the precipitation from the 
solid solution of a paramagnetic phase 
during the tempering. With the growth of the 
amount of the precipitating phase the micro- 
strains increase. (Fig.5). When tempering 
is continued over a long period of time, 
however, (and when the tempering temperature 
is raised) a certain decrease in the micro- 
strains occurs in spite of the continuing 


60 
Alloy Sample 
index oersted kg 
Fe-Mo 10 0 - 
145 3.7 78 
150 3.6 76 
80 2.6 55 
Fe-Mo- MK -1 10 0 - 
Co MK-2 50 2.0 42 
MK-3 180 3:2 67 
MK-4 115 36 
VOL 
6 
70 
62 414 
79 50 16 
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Quenched 


increase in the amount of the @ phase. This 
is apparently explained by the effect of 
relaxation in the distorted phase (in this 
case there is no reverse solubility). 

The data given in Fig. 5 shows that the H, 
has the same ‘‘course’’ as the curve V ke 
only in the beginning and end stages of the 
dissociation of the alloy. In the section 
where the most intensive precipitation of 
the @ phase occurs* (tempering for from 2 to 
5 hr at 600°C) an increase in H, is observed 
while V ke remains constant or even 


decreases. This effect gives grounds for 
suggesting that in the Fe-Mo-Co alloy 
investigated the coercive force is due to 

two causes: microstrains in the ferromag- 
netic matrix and highly disperse paramagnetic 
inclusions of the @ phase. The theoretical 
formula for the calculation of H, has in 
this case the form 


H, =p “sh 4 p’ Keft (2) 
I, 
Here K,,, is the effective magnetic aniso- 
tropy, the volume concentration of the 
non-magnetic inclusions, n an exponent which 
is approximately equal to 1, p’ a factor 
depending on the thickness of the boundary 
layer § and the diameter of the inclusions 
d: at § >dp’ d/§. p’= 
the remaining signs mean the same as in 
equation (1). 

In this case the coercive force cannot be 
calculated from formla (2) since the factor 
p’ is unknown. One can, however, estimate 
that part of H, which is due solely to the 
microstrains. The calculated curve #,°*": 
which corresponds to the first member of 
formula (2) is shown in Fig. 5 (the quantities 
p and A. were assumed to be the same as for 
the alloy Fe-Mo). According to the above 
suggestion, the difference ee obtained 
by deducting the curve #,°*"* from the curve 
H°*P* (Fig. 5) should correspond to the 
second member of formula (2). 

The coercive force due to the highly dis- 
perse inclusions should according to formula 
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* The intensity of the precipitation of the @ phase 
may be judged by the steepness of the curve 
471... 


(2) be proportional to the volume concen- 


tration of the inclusions 8 . The latter can 
be estimated from the change in the magnetic 


saturation 47I,. The quantity B in the 
given sample is proportional to the relation 
I ,/I%, where I% is the magnitude of the 
technical saturation of the quenched sample 
(in that sampleB = 0), and AJ, the differ- 
ence between I° and the magnitude of the 
technical saturation I, of the given sample. 
In Fig. 5 the curve AI ./I¢% is show as a 
function of the time of tempering. From a 
comparison of the curves and 
it can be seen that in the section which 
corresponds to the tempering of the alloy 
Fe-Mo-Co for 2 to 10 hr (at 100°C) the 
increase in H are is approximately propor- 
tional to the increase in the quantity B was 
to be expected according to formula (2). 


4, 
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Fig. 5. Properties of the alloy Fe-Mo-Co as 
functions of tempering time at 600 and 700°. 


The curve esi shown in Fig. 5 also 
quantitatively with the curve 
determined according to the second member of 
formula (2) if one makes 

and assumes that § 2250 &: the mean diameter 
of the paramagnetic inclusions in the alloy 


K,~ 3 10 erg/em’, *, 2- 1075. 
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Fe-No-Co then proves to be of the order of 
magnitude of 10°A 

Thus one can approximately say from the 
above suggestion that the coercive force in 
the alloy Fe-Mo-Co is due in the main to 
microstrains and highly disperse (para- 
magnetic) inclusions is in agreement with 
the experimental data and that the relation 
between the components of H, conditioned ty 
these quantities is different in different 
structural states. 

As has already been noted, no noticeable 
dependence of H ¢ on the volume concentration 
of the paramagnetic inclusions is observed 
in the alloy Fe-Mo. Apparently, the linear 
dimensions of the inclusions in the Fe-Mo 
alloy differ considerably from 6, i.e. the 
factor p’ in formula (2) < 1, and therefore 
H., will be virtually independent of the 
presence of inclusions. The latter circun- 
stance in all probability is the reason for 
H, being smaller for alloys of the system 
Fe-Mo than for Fe-Mo-Co alloys. 


CONCLUSIONS 


1. The change in the coercive force in the 
alloys Fe-Mo and Fe-Mo-Co under heat treat- 
ment is accompanied hy a change in the 
‘‘shape’’ of the X-ray interference lines. 

2. The diffuseness of the X-ray lines cor- 
responding to the ferromagnetic solid 
solution of the alloys Fe-Mo and Fe-Mo-Co is 
due to microdeformations of the crystal 
lattice (microstrains). 

3. The cause of the high coercive force in 
Fe-Mo alloys is the presence in these alloys 


of considerable microstrains (up to 80 kg/mm”) 


arising in the ferromagnetic solid solution 
as a consequence of the precipitation of the 
Fe Mo ,, phase on tempering. 

4. The dependence of the coercive force on 
the magnitude of the microstrains is in Fe-Mo 
alloys in agreement with that expected in 
accordance with the “strain theory”. 


5. In the alloys Fe-Mo-Co the coercive 
force is due to two causes: (a) microstrains 
in the ferromagnetic solid solution and (b) 
highly disperse inclusions of the @ phase. 

6. High values for the coercive force in 
Fe-Mo-Co alloys are reached with a combina- 
tion of great internal strains (~ 60 
kg/mm?) and a considerable volume concen- 
tration of highly dispersed paramagnetic 
inclusions. 

7. The relation between the coercive force 
on the one hand and the magnitude of the 
microstrains and the volume concentration of 
the highly disperse inclusions on the other, 
obtained from the theory of ‘‘strains’’ and 
‘‘inclusions’’, is for the alloy Fe-Mo-Co in 
the first approximation in agreement with 
the experimental data obtained. 


Translated by B, Ruhemann, 
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In chrome-nickel alloys and steels with an 
austenite structure there occurs a trans for- 
mation of the austenite (gamma phase) into 
martensite (alpha phase) in the process of 
plastic deformation below a certain tempera- 
ture which is well defined for each steel or 
alloy. [1] 

In recent years it has been established 
(2,3] that yet another phase, 9, with a 
hexagonal lattice with parameters a = 2.562 
A and c = 4,060 i, is present in quenched 
chrome-nickel steels and alloys, besides 
austenite and martensite. The maximum amount 
of the @ phase (up to 30 per cent) has been 
found in the quenched alloy 18-8. The amount 
of the @ phase increases with the increase in 
quenching strains. Plastic deformation of 
the quenched steel transforms the @ phase 
along with the gamma phase into the alpha 
phase. In the opinion of Cina [3] the @ phase 
is an intermediate state of the solid solution 
during the transition from the gamma to the 
alpha phase. The @ phase is formed from gamma 
by means of a shift in the (111) y planes 
parallel to (1000). The transition 6 —a 
proceeds by means of a shift in the (101) g 
planes parallel (110), . In paper [3] the 
amounts of the gamma and alpha phases were 
measured by two methods: X-ray structure and 
magnetic. On the basis of the agreement 
between the results obtained by the two 
methods Cina came to the conclusion that the 
@ phase is not ferromagnetic. An analysis 
of the experimental data given in the paper 
shows, however, that the agreement is some- 
what strained: firstly, the scattering of 
the points is much greater than the acci- 
dental error estimated by the author himself; 
secondly, as a rule, the results of the 
magnetic measurements are somewhat higher 


* Fiz, metal. metalloved. 6, No.5, 838-842, 1958 . 


than those obtained with the help of X-ray 
photography. 

The diffialties of the investigation of 
both the quenched and the deformed steels 
are occasioned by the highly disperse 
state of the phase components. In principle 
the magnetic method has the advantage over 
the X-ray structure method for estimating 
the volume of ferromagnetic phases in a 
highly disperse state. Crystals of 1076 
cm size already give only a diffuse inter- 
ference picture, while the magnetic proper- 
ties are normal. Taking these circumstances 
into account we made an attempt at a more 
precise determination of the nature of the 
effect of plastic deformation on the phase 
composition of stainless steel making the 
measurements hy the magnetic method. 


METHOD OF INVESTIGATION, 
EXPERIMENTAL RESULTS 


The conclusions on the phase composition were 
in the present paper drawn on the basis of 
analysing the dependence of the magnetization 
on the temperature (curves I (T,)). The mag- 
netization was measured with a magnetometer in 
a field H = 8000 oersted with a gradient dH/ax 
2000 oersted/cm. The magnetometer had a high 
sensitivity and, what is the main thing, a 
linear scale: the direct magnetometer readings 
> were strictly proportional to the magnetiza- 
tion of the system studied. The share A a 
contributed hy phase 2 to the total magneti- 
zation of the sample or the quantity A ; d 
which is proportional to it was determined by 
the method of extrapolating sections of the 
curves I .(T)~ $(T) to room temperature. The 
extrapolation was made on the basis of the 


fo mula 
I, (T°)/T, (9°) == /(T°/0), 
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which is common to all pure metais and their 
more important industrial alloys [4 - 6]. 
The accidental error of measurement of the 
quantity did not exceed +1 division of the 
scale. 

Stainless sheet steel 1Kh18N9T was used 
for the investigation. The thickness of the 
sheet was 2 mm. The chemical composition of 
the steel was i7.5% Cr, 8.76% Ni, 0.58% Ti, 
0.125% C, 1.5% Mn, 0.9% Si, 0.03% P and 
0.035% S. 

Narrow ribbons cut from the hot-rolled 
sheet steel were plastically deformed by 
compression between rollers. Since the rate 
of deformation was not high, the temperature 
of the steel remained virtually unchanged and 
equal to room temperature. The samples for 
investigation in the magnetometer were cut to 
8 x 2 x X mm size in a milling machine. (X 
being the thickness after rolling). The 
relative magnitude of the deformation was 
calculated from the formula 


2 

= 100 
The magnetization of the raw, undeformed 
samples varied from 6 to 7G. Such a magni- 
tude of the magnetization of the undeformed 
samples is several times higher than the 
magnetization of austenite in a field H = 
8000 oersted and shows that ferromagnetic 
phases exist in the sample, though in insig- 
nificant amounts (in part these may have 
been formed in the process of treating the 
samples). Since the total amount of ferro- 
magnetic phases is not great (0.1%), and, as 
we shall see below, increases sharply (some 
hundred times) under the influence of plastic 
deformation, we shall assume that the hot- 
rolled steel has a pure austenite structure. 

The dependence of the magnetization of steel 
on the extent of deformation is shown in 
Fig. 1. 

Before constructing the curves I(T) which 
are necessary for the phase analysis, the 
effect of the temperature on the magnitude of 
the magnetization of the deformed steel was 
ascertained. For this purpose a series of 
samples were annealed for half an hour after 
uniform compression # = 37%. ‘The annealing 
temperature varied from 200 to 700° ©, 
The relative change in the magnetiza- 


tion of the annealed steel is show 


in Fig.2. As can be seen from the 
drawing, the magnetization does not change 


evenly with rising temperature. Annealing 
in the region of 200 - 400° leads to a small 
increase in the magnetization, apparently on 
account of the formation of new portions of 
martensite as a result of the redistribution 
of residual strains. Heating the sample to 
above 500° produces a sharp drop in the mag- 
netization as a result of the intensive 
transformation of the ferromagnetic phases 
into austenite [7]. 


-- 
1KL18N9T 


Fig. 1. Dependence of the magnetization of 
steel on the degree of deformation. 


10 
Y=24 % 
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Yj 200 WO 600 TC 
Fig. 2. Dependence of the relative change in 
the magnetization on the annealing temperature. 


The function I(T) for samples of steel de- 
formed to 24 and 90 per cent is represented 
in Figs.3 and 4, The measurement of the 
magnetization was carried out in the process 
of rapid heating (11.5°/sec). Heating at 
the rate of 11.5°/sec makes it possible to 
measure the magnetization up to 600° in such 
a short time that the reverse transition of 
the ferromagnetic phases into austenite at 
temperatures above 400° does not manage to 
cover a noticeable volume. The magnetization 
of the sample remains virtually unchanged 
after rapid heating (even several times). In 
other words, the shortening of the time 
necessary for measuring the magnetization 
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makes it possible to separate the paramag- 
netic transformations of the metastable phase 
at its Curie point from the simultaneously 
occurring phase transformation of the first 
order. 
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Fig. 3. Curves d (T)~I,(T) for deformed steel; 

1: = 24%; 2: ob = 90%. 
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Fig. 4. Curves d (T)~~I,(T) for deformed steel 
(ab = 90%); 1: rate of heating 11.5°/sec; 2: 
rate of heating 4°/sec. 


Up to 400°C the magnetization can be 
measured also in the course of slow heating 
(~ 4°/min). For this purpose it is necessary 
first to anneal the sample for one hour at a 
temperature of 400° to avoid distortion of 
the I(T) curves as a result of a certain 
growth of the magnetization in the region 
between 200 and 400°. The curves I(T) prove 


to be completely analogous to those shown in 
Fig.3. Slow heating above 400° undoubtedly 
leads to irreversible transformations. 

Curve 2 (Fig. 4) constructed at a heating 
rate of 4°/min clearly shows a break at a 
temperature of 420°C. 
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Fig. 5. Curve $ (T)—~I,(T) for steel deformed 
by ys = 90% and annealed at 700°C for 3 hr. 


Fig. 5 shows the curve I(T°) for a 90 per 
cent deformed sample annealed for 3 hr ata 
temperature of 700°. The total magnetization 
was reduced to 55 G as the result of the 
annealing. ‘The nature of the curve I(T) 
remained, however, unchanged. 


DISCUSSION OF RESULTS 


On the curves for I(T) in Figs. 3 and 4 
three Curie points are observed at temperatures 
of 600, 270 and 160°. ‘he latter two points 
do not appear sharply. If one evens them 
out, however, and represents I(T) as a smooth 
curve, the scattering of the experimental 
points becomes three times greater than the 
accidental error of measurement, and, what is 
the main thing, this smooth curve does not 
follow a single regularity [1]. In the region 
of 600-300°C the curve obeys the law common 
to all ferromagnetics, at T <300°C it 
follows its own function which is not a 
feature of other ferromagnetics. At room 
temperature the difference between the 
experimental points and the high temperature 
section of the curve (above 300°C) extrapolated 
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on the basis of formula (1) reaches 30 
divisions of the scale, which exceeds the 
accidental error by a whole order of magni- 
tude. The suggestion of three ferromagnetic 
phases in the system examined eliminates 
both these difficulties. 

The Curie temperature of 600°C must be 
attributed to the alpha phase since accord- 
ing to the data of X-ray photographic 
investigations it is the basic product of 
the martensite transformation. As far as 
the phases with the Curie temperatures of 
160 and 270°C are concerned, we shall for 
the convenience of the further presentation 
designate the latter two phases by f ande . 

High temperature annealing changes the 
Curie points of the alpha and beta phases a 
little. In the first the Curie point is 
lowered to 540°C, in the second it is 
increased to 190°C. 

The Curie temperatures of the € and 8 
phases coincide respectively with the Curie 
temperatures of the intermediate carbide [8] 
and the cementite alloyed with chromiun. 

The quantitative analysis of the volume of 
the phases does not, however, permit the e€ 
and f phases to be identified with the 
carbides. Table 1 shows the volume per- 
centages of the phasesa , € and Bf calculated 
on the basis of the following assumptions: 

1. The magnetization of the 90 per cent 
deformed sample corresponds to 100 per cent 
dissociation of the austenite. 

2. The magnetizations of thea, € and B 
phases are equal. The first assumption is 
made because the magnetization of the sample 
after 90 per cent deformation was near the 
limit, and besides because, according to the 
data of paper [3], in the alloys 18-8 the 
transformation goes on to the end at room 
temperature. 

The second assumption can only lower the 
results for and . 


As can be seen from Table 1, the total 
volume of the phases 8 and « may reach 
10 per cent; in reality it can evidently 
be even greater. ‘The total amount of 
carbides with average carbon concentration 
in the cementite, in steel containing 0.12% 
C, cannot exceed 1.8 volume per cent. Such 
a great difference between the possible 
volume of ferromagnetic carbide and the 
real amounts of the phases f or € can only 
be explained if the latter are not chemical 
compounds but allotropic forms of the solid 
solution analogous to the @ phase investiga- 
ted by Cina [3]. It is possible that one 
of the phases B and € may even be the 0 
phase. At present this cannot be defi- 
nitely decided. The increase in the amounts 
of the 8 and € phases proportional to the 
increase in the degree of deformation right 
up to 90 per cent deformation contradicts 
Cina s data on the dependence of the amount 
of the @ phase on the degree uf deformation. 
It would seem that this fact speaks in 
favour of the first proposition. The # and 
€ phases are analogous to the @ phase and 
neither of them is identical with the latter. 
Since Cina did not take into account the 
change in the disperseness of the phases 
with increasing deformation, the @-phase 
may “disappear” in the X-ray analysis if 
the dimensions of its crystals sink below 
10-5 am as a result of plastic deformation. 

Although the absolute amount of the 
ferromagnetic phases increases with the 
degree of deformation some tens of times, 
the relation between the volume percentages 
does not change much. The constancy of the 
relation between the phases indicates that 
diring the deformation the amount of each of 
the deformed phases is proportional to the 
amount of austenite which takes part in the 
transformation. That this relation does not 
change even during annealing indicates equal 


TABLE 1 
% Pa Pe PR Pg -Pe Pa: Pg: Pe 
24 38.6 2.2 2.7 43.5 4.9 
90 90 4.3 5.7 100 10 
90-annealing 3. 3 0. 18 0. 22 3:7 0.4 B.3: £23: % 
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stability of these phases. 

Concerning the place of the phases # and € 
in the martensite reaction one cannot draw 
any definite conclusions from the data 
obtained. ‘hey may be either intermediate 
states of the solid solutimm during the 
transition of the gamma phase into the alpha 
phase or independent products (alongside 
with the alpha phase) of the austenite 
dissociation. In both cases their amount 
can be proportional to the amount of the 
austenite which takes part in the trans- 
formation. 


CONCLUSIONS 


1. Besides the alpha phase (with a Curie 
point at 600°C) two more ferromagnetic 
phases with Curie temperatures of 160 and 
270°C are formed under the effect of plastic 
deformation in stainless steel 1Khi18N9T. 

2. The amount of the ferromagnetic phases 
depends on the degree of deformation. The 
relation between their volumes is, however, 
almost independent of the degree of defor- 
mation, 

3. The reverse transition from the ferro- 
magnetic phases into austenite which occurs 
when the deformed steel is annealed, 


preserves the relation between their volumes. 


4. The total volume of the phases with 
Curie temperatures of 160 and 270°C may 
reach #) per cent which several times 
exceeds the possible volume of carbide 
phases in the steel investigated. This 
leads to the conclusion that the phases with 
Curie temperatures of 160 and 270°C are not 
chemical compounds but allotropic forms of 
the solid solution analogous to the alpha 
phase. 


Translated by B, Ruhemann 
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DIAGRAM OF THE VOLUME STATE OF THE PHASES IN 
STEEL ShKh 15* 
A.P. GULIAYEV and B.M. ZEL’ BET 
Moscow Evening Institute of Mechanical Engineering 
(Received 4 February 1957) 


In the article of Yur ev [1], a diagram is 
presented of the ‘‘volume state of the 
phases’’ (see Fig. 1 in [1]). It illustrates 
the changes of the specific volume of 
particular phases in iron-carbon alloys, 

i.e. austenite, martensite, alpha- and gamma- 
iron, and cementite, with variation of 
temperature. 

Being a generalization of a great number of 
experimental facts, this diagram is intended 
to explain a number of phenomena which occur 
in steel during thermal treatment, and which 
are caused by differences in the volumes of 
the co-existing phases. 

Plotting lines on the diagram which 
correspond to the specific volumes of the 
austenite and martensite at the moment of the 
beginning austenite-martensite transformation 
(curves M’ — M and M’’ —M’), Yur ev arrived 
at the conclusion ‘‘that independently of the 
carbon content, the transformation of 
austenite and martensite begins at a quite 
definite magnitude of the specific volume of 
the austenite, this value equalling 0. 12590+ 
0.00010 cm?/g for plain carbon steel’’. 

Further, the author writes: ‘Practically, 
the obtained result means that the trans- 
formation of austenite of any composition 
occurs at that moment, when as a result of 
cooling down, the atoms of iron in the 
gamma- lattice approach each other to quite a 
definite limit’’. 

This conclusion, essentially, confirms the 
assumption, previously made by Sadovskii and 
Yakutovich [2], as to the existence of a 
critical parameter of the austenite. By the 
critical parameter, the authors referred to 
the lattice parameter of the austenite, at 
which, they say, the formation of martensite 
begins in all plain carbon steels without 


* Fiz. metal. metalloved. 6, No.5, 839-848, 1958. 


exception. This critical parameter was 
determined to be 3.607 & (see Fig. 2 in 
[2]). 

However, the conclusion of these authors 
cannot be considered to be indisputable. 

The work performed during the last years by 
Arkharov [3, 4], and, subsequently, by 
Gulyayev and Sanchuk [5], throw other light 
upon the character of the relation between 
the martensite and austenite lattices, which 
they say can be observed at the moment of the 
martensite transformation. 

Starting with the mechanism of martensite 
transformation proposed by Kurdyumov [6], 
Arkharov suggested a theory of crystal - 
geometric correlations which are necessary 
for the start of the martensite transfor- 
mation. 

According to Kurdyumov, the martensite 
Y transformation onsists of a 
regular movement of the atoms in the gamma- 
iron lattice relative to each other, by 
distances which are shorter than those 
between the atoms. In consequence of this, 
the atoms take a position corresponding to 
the alpha-iron. 

Such a reorientation is found to be 
possible owing to the fact that there is a 
definite structural- geometric relation 
between the alpha- and gamma-lattices the 
location of the atoms in the plane (111) of 
the gamma - lattice proves to be very similar 
to their positim in the plane (110) of the 
alpha-lattice. Accordingly, the interatomic 
distances along the directions [111] of the 
alpha-phase (martensite) are near to the 
interatomic distances along the direction 
[101] of the gamma-phase (austenite), or in 
other words, the diagonal of the side of the 
cube (in the direction [101]) in the 
austenite lattice, have dimensions very 
Similar to those of the volume diagonal (in 


68 
VOL 
6 
195! 


Volume state of the phase in Steel ShKh 15 


the direction [i1i]) of the martensite of 
the alpha-phase. 

Proceeding from this fact, Arkharov 
assumed that in order to accomplish the 
Y —a-reorientation, a difference of the 
diagonals [101] of the austenite and [111] 
of the martensite, or in other words, a 
difference in the distances between the 
nearest atoms along these two directions, 
had to reach a certain magnitude. 
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Fig. 1. Influence of the temperature on the 
lattice parameter of the austenite [5]. 


In order to confim his assumptions, 
Arkharov used both a number of data from the 
literature and indirect calculations. 

In addition, the graphic representation, 
prepared by Gulyayev and Sanchuk, did not 
confirm the conclusion that the start of the 
transfomation of austenite into martensite 
occurs at a definite specific volume of the 
austenite or with a definite magnitude of 
its lattice parameter (Fig. 1). 

A peculiarity of the reports quoted is the 
fact that they are all based exclusively on 
data from the literature (the data on the 
lattice parameter of the austenite from which 
the specific weight was calculated were all 
taken from the article of Fsser and Muller 
[7]. As regards the location of the marten- 
site point: it is based on different data, 
in reference [5] it is the mean value of a 
great number of experimental data). ‘he 
test results, assumed as a basis fcr all 
plots, were obtained at different times, om 
different materials and by different 
investigators, and are not uniform with 


respect to a common purpose and 4 common 
research technique. 

We considered it useful to experimentally 
prepare a diagram of the volume state of 
the phases, determining both the martensite 
point and the specific volumes of the 
austenite and martensite at different 
temperatures, on the same material. 

For the investigation a steel of type ShKh 
15 was chosen with standard composition 
(1.0% C, 1.4% Cr). ‘the selection of this 
steel was stipulated both hy some methodical 
considerations (it is possible to obtain 
austenite of different concemtration within 
the limits from 0.5 to 1.0 per cent, at the 
expense of an alteration of the austenitiza- 
tion temperature; the chromium- bearing 
austenite can be undercooled; a considerable 
quantity of residual austenite can be 
retained in the as-hardened condition; etc.), 
and by the intention to utilize the obtained 
data for some practical questions of the 
technology of thermal treatment in bearing 
manufacture, where, as it is known, steel 
ShKh 15 is a principle material. 

The presence in the steel of a smil amount 
of chromium which is dissolved in all phases 
of iron-carbon alloys, cannot introduce any 
specific effectd, which could prevent 
extending the obtained results to different 
alloys of iron, including those which pertain 
to the iron-carbon system. 

In order to set up diagrams of the volume 
state of the phases, it was necessary to know 
the specific volumes of the phases co-exis- 
ting in the steel (gamma-phase, alpha-phase, 
and cementite) at different carbon contents 
(for the gamma- and alpha-phases), and at 
different temperatures. This requires the 
knowledge of the specific volumes of these 
phases at room temperature, and of their 
coefficients of thermal expansion. This 
problem was solved in the following way: 
specimens of steel ShKh 15 were heated to 
various temperatures (in the range from 800 
to 960°C) and quenched into salt water. In 
the as-hardened condition, the structure of 
the steel consists of three phases: marten- 
Site, austgnite, and carbides. ‘The quan- 
titative proportion and the composition of 
the first two phases change with variation of 
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TABLE 1 


The phase condition of steel ShKh 15 (1.0% C, 1.4% Cr) 


proportion, % Lattice parameters, & Composition, % 


Treatment Alpha 


Gamma Gamma (Fe, Cr) 3c 


(Fe, 


Cr Cc Cr 


Anneal 84.6 
Quench 800°C | 82.3 
820°C 83.3 
840°C | 84.1 
860°C 82.6 
900°C 80.9 
950°C 80.0 


- - 8.0 
- | 0.38 0.38] 0.64] 6.6 | 8.0 
| 0.45 0.45| 0.73] 6.6 | 8.0 
3.570] 0.53 0.53} 0.83] 6.6] 8.0 
3.575] 0.60 0.60} 0.91 
3.587] 0.80 0.80} 1.16 
3.596] 0.95 | 1.34] 0.95] 1.34 


the hardening temperature. 

In Table 1, the phase condition of steel 
ShKh 15 is presented after quenching from 
different temperatures*, giving a complete 
picture of the phases in the hardened steel 
ShKh 15, i.e. their composition, lattice 
parameters, and quantitative proportions 
(the data were obtained for conditions of 
abrupt cooling from hardening temperature; 
therefore, the composition of the alpha- 
and gamma-phases corresponds to the composi- 
tion of the gamma-solid solution at the 
hardening temperature). 

For a steel quenched into oil and subjected 
to low tempering, these data can also be 
applied, if one neglects the processes of 
precipitation of carbides from the martensite 
as a result of the slower cool on hardening 
and reheating. 

As far as the composition and the lattice 
parameters of the phases are known, one is 
able to calalate their specific volumes (the 


method of calculation is described in [1]). 
TABLE 2 


The specific volumes of the phases 
at room temperature 


Carbon content Specific volume, cm?/g 


in the solid 
solution, % Alpha Gamma 


0.0 0.1271 - 

0.38 0. 1273 0. 1216 
0. 45 0. 1281 0. 1226 
0. 53 0. 1283 0.1230 
0.60 0. 1286 0. 1234 
0.80 0. 1290 0.1241 
0.95 0. 1296 0. 1249 


* In order to obtain the figures given in Table 
1, various methods were applied: X-ray 
structural analysis, phase analysis (electro- 
chemical separation of the phases, with 
subsequent preparation of X-ray diagrams and 
chemical analysis of the remainders), and 
magnetic measurements, frequently described in 
the literature [8]. 


The specific volume of the cementite was 
assumed to be equal to 0.1302 [1]. ‘the 
figures presented in Table 2 are the basis 
for plotting the points on the co-ordinate 
axis of the graph which characterize the 
specific phase volumes at room temperature. 

On constructing the lines of the diagran, 
it is necessary to know the change of the 
specific phase volume with variation of 
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10.8] 5.1 |2.853| 2.926 | 1.026 
14.2] 3.2 [2.852] 2.932 | 1.028 
17.5] 1.6 [2.849] 2.956 | 1.037 
20.0} 0 |2.846] 2.979 | 1.040 
VOL 
6 
= | 


Volume state of the phase in Steel ShKh 15 


temperature. It can be obtained either by 
means of high temperature X-ray investi- 
gations, or by determining the coefficients 
of linear expansion of the phases. We used 
the second procedure, employing dilatometric 
analysis. Since the coefficient of linear 
expansion of the alpha- and gamma-phases is 
slightly on the carbon content, it is 
practically sufficient to establish the 
coefficient of linear expansion for but one 
carbon concentration. For the solid solution 
of other concentrations, the lines on the 
diagram showing the dependence of specific 
weight on temperature are parallel to each 
other. 

The coefficient of linear expansion of the 
martensite and austenite in the temperature 
range from 2 to 200°C was determined in the 
following way: specimens of steel ShKh 15 
were quenched from 950°C, thereafter one 
series of the specimens were refrigerated 
to -78°C. As a result, the refrigerated 
specimens had 3 per cent retained austenite 
(according to magnetometric readings), 
whereas the non-refrigerated samples had 20 
per cent retained austenite. After reheating 
at 20°C, a dilatometric determination was 
made of the coefficient of linear expansion 
of specimens with different (3 and 2 per 
cent) amounts of austenite. ‘he coefficient 
of linear expansion of the austenite and 
martensite was calculated according to the 
mixing rule (both phases were preliminarily 
reheated at 200°C, therefore they contained 
less carbon in solutio than in the as- 
hardened condition. One has, to bear in 
mind, however, that the coefficient of linear 
expansion of the austenite and martensite, is 
virtually independent of the carbon content 
in the solution). 


TABLE 3 


The coefficients of linear expansion 
in steel ShKh 15 (1.0 &, 1.4 %r) 


Coefficient of linear expansion, 
a 106, at the temperatures (°C) 


50 100 150 200 


Martensite 10.9 11.9 12.5 13.3 
Austenite 20.1 20.6 21.0 21.4 


Phase 


In Table 3, the coefficient of linear 
expansion of the phases are presented, they 
were determined hy the above method. 
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Fig. 2. Diagram of the volume state of the 
phases in steel ShKh 15 (the specific volume of 
the ferrite and of the carbides according to 
data in [i]). 


Knowing the coefficent of linear expansion, 
one cam also calqlate the cwefficient of 
volume expansion. For the coefficients of 
volume expansion of the austenite and marten- 
site, the following empirical relations were 


found: 
tie B, = 30.36 - 10-6 + 0.049 - 10-8, 
B,, = 62.31 - 10-6 + 0.027 - 10-8. 


Once the specific phase volumes at roan 
temperature and the coefficients of their 
their linear expansion are assessed, one is 
able to determine the specific phase volumes 
at other temperatures. 

In Fig. 2, a diagram is given of the 
specific phase volumes in steel ShkKh 15. On 
the diagram is also plotted the magnitudes of 
the specific volumes of the austenite and 
martensite at the moment of the beginning of 
martensite transformation (line M’ — M and M” 
~M’). 

The dependence of the point M for steel 
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ShKh 15 on the carbon content (the hardening 
temperature) was determined by the thermal 
method (Table 4). 


TABLE 4 


The location of the point M 
for steel ShKh 15 


Volume state of the phase in Steel ShKh 15 


site transformation, a constant value is 
characteristic for the differ@ce of the 
specific volumes of the martensite and 
austenite and, consequently, for the 
difference of the interatomic distances 
along the directions [101] in the austenite 
lattice and [111] in the martensite lattice. 
To emphasize this fact, we preset the 
numerical values of the specific volumes of 


Hardening Carbon content Location of both phases and of the interatomic distances 
temperature, °C | in solution, %|the point M, °C along the two indicated directions at the 
temperature of the beginning martensite 
800 0. 38 = transformation, and the values of the 
820 0. 45 ve differences of these volumes and distances 
(Table 5). 
840 0. 53 235 From the figures prese@mted in Table 5, it 
860 0.60 20 follows, that the start of the austenite- 
900 0.80 165 martensite transformation occurs as soon as 
950 0.95 140 a certain magnitude of the differance of 
the specific volumes has be@ reached 
(0.0044 + 0.0002 am?/g). ‘This corresponds 6 
to the attainment of a certain difference 195 


results of the pres@mt work disprove the 
concept that the start of martensite 
formation corresponds to a definite value of 
the specific austenite volume being constant 
at differ@mt carbon conta@ts (i.e. to a 
constant magnitude of its lattice parameter). 
However, the diagram indicates, that the 
curves characterizing the magnitudes of the 
specific volumes of the austenite and 
martensite at the temperature of the begin- 
ning martensite transformation (lines M’ - 
M and M” -M’), run parallel to each other 
In other words, for the start of the marten- 


TABLE 5 


The specific volumes and the lattice parameters of the austenite and martensite 
at the temperature of the beginning martensite transformation 


of the interatomic distances along the 
correlated directions [101] of the 
austenite md [111] of the martensite. 
This result also confirms the assumption 
of Arkharov [3, 4] as to the character of 
the relation between the correlated lattices 
of the austenite and martensite at the 
moment of the y—+atransformation. It 
agrees also well with the mechanism of a 
regular reorientation of the lattice on 
the martensite transformation, at which, 
according to the conceptions of Kurdyumov 
[6] ‘‘the atoms do not exchange their places 


Specific volume, cm?/g 


Diagonal, a 


Carbon content 
in solution, Difference of 
At. Austenite Martensite |the specific) AuUStenite | Martensite Difference 


volumes 


[111] [101] 


0. 0046 5. 072 4.997 
0.60 0.128 0.1294 0.0045 5. 075 4.997 0.078 
0.80 0. 1252 0. 196 0.0044 5. 086 5. 008 0. 078 


0. 00 42 5. 097 5.014 
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but only move relative to each other by B,. = 30.36 x + 0.049 10-5, 


distances which do not exceed the interatomic 
distances” . B,, = 62.31 x10-® + 0.027 x 10-6. 


CONCLUSIONS 4. The diagram of the volume state of the 
phases in steel ShKh 15 can find practical 
1, A diagram has been constructed of the application in the study of the laws of the 
volume state of the phases in stee] ShKh volume changes caused by thermal treatment. 
15. The diagram represents the relations 
of the specific volumes of austenite and Translated by H. Stelzenmvller 
martensite at various temperatures and at 
different carbon contents in the solid solu- 
tion, REFERENCES 
2 It was demonstrated, that the martensite 
transformation of any composition of the 1. S.F. Yur’ ev, Udel’nye ob’omy faz v martensitnom 
given steel begins as soon as a definite prevrashcheniti (Specific volumes of the phases 
constant value of the specific volume has on the martensite transformation) Metallurgizdat 
been reached, with the attainment of a certain (1950). 
difference in the specific volumes of the - V.D. Sadovskii and M.V. Yakutovich, Dokl. Akad. 


austenite and martensite equalling 0.0044 + Nauk SSSR 57, 4 (1947). 
0.0002 cm3/g, md at a certain difference in V.I. Arkharov, Izv. Akad. Nauk SSSR, ser. fiz. 
the interatomic distances along the correlated No. 1, 9 (1951). 

di rections [101] of the austenite and [111] of . V.I. Arkharov, Kristallografiya zakalki stali 
the martensite, being equal to 0.080 + 0.003 (Crystallography of steel hardening) 


Metallurgizdat (1951). 

. A.P. Gulyayev and Ya.E. Sanchuk, Collection 
“Issledovanie struktury instrumentai nykh 
stalei (Investigation of the structure of tool 
steels) ” Mashgiz (1954). 

. G.V. Kurdyumov, Dokl. Akad. Nauk SSSR 60, 1543 


Thus the conception of Arkharov is confimed, 
according to which the transfomation of 
aistenite into martensite starts at a certain 
difference of the interatomic distances along 
the correlated directions [111] of the 
martensite and [101] of the amstenite. (1948). 

3. An empirical relation has been found for G. Esser and G. Muller, Arch. Eisenhuttenwes., 
the coefficients of the volume expansion of No.5 (1943). 
the austenite md martensite as dependant on . Metallovedenie i termicheskaia obrabotka (The 


temperature, the relation being expressed by physics of metals and thermal treatment). 
the formulae Reference book, Division 1, Chapters 11 and 14 


Metallurgizdat (1956). 


EFFECT OF HEAT TREATMENT ON THE STRUCTURE AND THE 
COLD SHORTNESS OF PHOSPHORUS STEEL* 
V.N. SVECHNIKOV and Iu.E. IAKOVCHUK 


Kiev Polytechnical Institute 
(Received 6th March 1957) 


I. In previous papers [1-3] a study was 
made of che anomalies commonly found in the 
structure of medium-carbon steel with a high 
content of phosphorus. One of these anoma- 
lies consists of the appearance simul tane- 
ously in the structure of the steel of two 
ferrites, one of which is enriched in 
phosphorus. There is a sharp decrease in 
the concentration of the phosphorus in solid 
solution in this ferrite compared with 
ordinary ferrite, and in a polished and 
etched section the phosphorus ferrite has a 
relief with well-defined contours, so that 
it was called “relief ferrite’ [2]. Another 
anomaly of the structure, which is that the 
pearlitic cementite is separated in a struc- 
turally-free form, was first found distinctly 
by us in hypoeutectoid phosphorus steel 
alloyed with nickel [3]. The appearance of 
this anomaly is due to dendritic segregaticn 
of the phosphorus and carbon. Both these 
anomalies can also be observed under certain 
conditions in non-phosphorus steels, but it 
was obvious that they are observed mch more 
distinctly in phosphorus steels. 

In [1] it was suggested that it might be 
worth while to ‘‘select suitable heat-treat- 
ment conditions so as to isolate a consider- 
able amount of phosphorus as areas of relief 
ferrite, surrounded hy ferrite with a low 
concentration of phosphorus (this should 
lower the temperature of the transition of 
the steel into the brittle state)’’. To 
confirm this initial suggestion it was 
decided to carry out an experiment of this 
kind, selecting heat-treatment conditions 
that promoted such a structure in the steel, 
and to study their effect on the cold short- 
ness by means of impact tests conducted over 
a wide range of temperatures from 0 to -50°C. 


* Fiz. metal. metalloved. 6,No.5, 849-857, 1958 . 


For a closer definition of the conditions 
producing anamalous structures and as an 
aid in selecting the heat-treatment con- 
ditions, this semi-wrks experiment was 
preceded by a study of the effect of the 
content of phosphorus on the temperature 
and A. points and of the 


of the A; 
initial appearance of the liquid phase in Fe 
- C - P melts; the data on this point 
obtained from the experiments in [4], 
concerning the phase-equilibrium diagram of 
the Fe - C-P system were clearly insuf- 
ficient for our purposes, and gave at best no 
more than a schematic picture of the steel 
comer of the system. 

The theoretical work in [5], giving the 
boundaries of the single-phase Y-region of 
the temary Fe - C - P system, for contents 
of phosphorus of from 0.05 to 0.4 per cent, 
at intervals of 0.05-0.1 per cent P, was of 
more value. The thermodynamic calculations 
were based on the properties of pure iron and 
on the phase-equilibrium diagrams of the 
marginal binary systems*, We decided to 
study experimentally alloys containing these 
concentrations of phosphorus, in view of the 
tendency of these alloys to form non-equili- 
brium structures; although this tendency 
complicates the study of the phase trans formm- 
ations, it is nevertheless of great interest 
from the practical point of view. 

When they are both present in alloys 
containing iron, phosphorus and carbon form 
an interesting combination of constituents, 
since their behaviour relative to the two 
crystalline varieties of iron, the a- and the 
Y- phases, is quite contrary, both quali- 


** The methods of calculation used here were 
described in (6). 
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tatively and quantitatively. For example, 
the solubility of carbon in @-phase iron in 
the temperature range of the A,-A transfor: 
mations is only about one twentieth of its 
solubility in Y-phase iron, whilst that of 
phosphorus in the same temperature range in 
a@-phase iron is about ten times its solubi- 
lity in Y-phase iron (the solubility of 
phosphorus in ‘Y-phase iran is [5] very low, 
= 0.08 per cent P at 700° C); equal 
atomic percentages of P and C raise and 
lower respectively the temperature of the 
@ = Y transformation point by approximately 
the same number of degrees. There is 
evidently some connexion between this and the 
fact that during the phase: transformation of 
iron a very rapid redistribution takes place 
of the phosphorus and carbon between the 
phases (the phosphorus being concentrated in 
the ferrite and carbon in the austenite), 
the rate of this redistribution being many 
times in excess of the rate of the diffusion 
of phosphorus in single-phase ferrite. On 
very slow cooling of the alloy, this non- 
uniformity of distribution of the phosphorus 
in the alloy may persist to some extent even 
after completion of the phase transformations 
in the alloy in the critical temperature 
range. It is also likely that the phosphorus 
entering the ferrite will dislodge the carbon 
therein, the concentration of which will be 
less than that according to the Fe - C diagram 
for binary alloys.* Observation of this 
redistribution of the phosphorus is aided by 
the existence of a specific reagent (Stead’s 
reagent) for determining non-uniformity in 
the distribution of phosphorus — the use of 
which (and also of the iridescence method) 
enables a qualitative overall picture to be 
obtained of the distribution -, and also by 
the capacity of phosphorus for increasing 
the hardness of ferrite, as a result of 
which the non-uniformity of the concentration 
can be estimated quantitatively by measure- 
ment of the microhardness of the ferrite. 

II. We prepared** and studied 40 alloys 
(carbon content 0.04-1.1 per cent), which 


* It was first shown in [7] that when phosphorus 
goes into solution in ferrite it lowers the 
lattice parameter of the latter. 


were grouped in five series as follows, 
according to the content of phosphorus: 

0.05, 0.10, 0.15, 0.20 and 0.30 per cent. 

The tests were primarily concerned with 
alloys with a high content of carbon and 
phosphorus (0.6 per cent). Special attention 
was paid to the hypoeutectoid alloys (con- 
taining to 0.78 per cent C). The main method 
of analysis used was the differential 
dilatometric method, on heating and cooling 
at a rate of 3°/min. When the critical 
points lay at temperatures exceeding 1000° C, 
and also in determining the temperature at 
which the secondary cementite finishes going 
into solution in the hypoeutectoid steels, 
the critical points were determined using 
the microhardness method. Special attention 
was paid to the critical points on heating. 
As a preliminary to dilatometric analysis of 
the experimental alloys, the A é -point of 
the original iron and the A, -pdéint of an 
alloy containing 0.88 per cent of C and 
based on the same Armco-iron, were deter- 
mined and found to lie at the temperatures 
912 and 730° C respectively. 

The results of the determination of the 
critical points are shown graphically in Fig. 
1 (heating) and Fig. 2 (cooling), as curves 
of variation in the temperature A.-, A,- and 
A,- transformations with the content of carbon 
in the alloys, for constant contents of 
phosphorus. For a clearer illustration of 
the variation in the temperature of the 


** The alloys were made with an Armco-iron base 
(C 0.087 per cent, Si 0.069%, Mn 0.106%, 
P 0.006%, S 0.024%) in a Tamman furnace, in 
magnesite crucibles, in a protective atmosphere 
of barium chloride, and were further oxidized 
using magnesium metal. The carbon was intro- 
duced in the form of cast iron, made in tie same 
furnace and based on Armco-iron, the phosphorus 
in the form of 14% ferrophosphorus. All the 
alloys were subjected to a control chemical 
analysis, to determine the content of phosphorus 
and carbon. The billets from which. the specimens 
for expansion testing were prepared were made by 
sucking liquid metal into small quartz tubes with 
an internal diameter of 5-6 mm, and underwent 
homogenizing annealing in soldered quartz flasks, 
with subsequent cooling in conditions leading to 
the formation of a sorbitic structure. 
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transformations being considered with the 
content of phosphorus, the curves of the 
different series of alloys are drawn on a 
single diagram. Fig. 3, compiled from the 
same experimental data, shows the boundaries 
of the austenite single-phase region 
relative to the content of phosphorus in the 
alloys, for series of alloys containing 
constant amounts of carbon (the dotted Ql Q2 0304 

sections of the curves were drawn from data 
of other investigators). 


Temperature, °C 


Fig. 3. Boundaries of the austenite single- 
phase region relative to the content of phosphorus 
1090 ; in the alloys, for series of alloys containing 
1000 constant amounts of carbon. 


The experimental points for the alloys 
containing 0.05 per cent of P give a typical 
$049 eutectoid-type curve with a clearly defined 
eutectoid point at 0.87 per cent C (T = 
500. 727°) on heating and at 0.83 per cent C 
> 1750" (T = 680°) on cooling, and with an equally 
characteristic bend on the curve of the A,- 

g. point at 0.42 per cent C (T = 812°) on 
a/ QZ a3 as aa aI 40 heating and at 0. 35 per cent C (T 782°) on 
Content of carbon, per cent cooling. Increase in the content of 
phosphorus in the alloys causes the eutec- 

Fig. 1. Curves of the start and end of the toid point to degenerate into a straight- 

a —> ¥ transformation on heating, for alloys line horizontal section on the curve of the 
with a constant content of phosphorus and a end of the formation of austenite, at a 
variable content of carbon. temperature differing from that of the 
eutectoid transformation. The vertical 
sections of the phase diagram which we 
obtain at constant contents of phosphorus in 
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Fig. 2. Curves of the start and end of the Fig. 4. Comparison of the experimental curves of 
Y — G@transformation on cooling, for alloys the start and end of the @ —> Y transformation on 
with a constant content of phosphorus and a heating with the theoretical data (5-, for equal 
variable content of carbon. contents of phosphorus. 
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the alloys as a result of this latter 
characteristic differ from the eutectoid- 
type phase-equilibrium diagram of a binary 
system, of which the components have a 
limited solubility above the temperature of 
decay of the eutectoid, and thus the 
processes represented hy these sections are 
also different. Furthermore, the temperature 
of the eutectoid transformation on heating 
(A,.), in the alloys of the various series 
changes within narrow limits between 728° 
and 722° C, falling with increase in the 
content of phosphorus in the alloys, and in 
alloys containing 0.2 per cent P coincides 
with the temperature of the A,-point for 
pure Fe - C alloys, determined in near- 
equilibrium conditions (722-721° C). This 
enables us to conclude that the composition 
of the eutectoid resembles that of the 
eutectoid alloy of the Fe - C binary system, 
and varies little with change in the content 
of phosphorus in the alloys. 

In order to compare our experimental data 
with the theoretical data [5], these are 
both shown graphically in Fig. 4 (the experi- 
mental data are given as dotted curves, the 
theoretical data as solid curves). The 
qualitative agreement is obvious, but there 
is a discrepancy, in that the curves of the 
end of the transformation on heating drawn 
from the experimental data at the heating 
rates selected are in all cases at lower 
temperatures, and the horizontal sections of 
the curves start in alloys with a higher 
content of carbon. We know from practice in 
the determination of the limits of the 
solubility of phosphide in a-iron [7], that 
very prolonged heating is required to achieve 
equilibrium concentrations in these alloys, 
and we are inclined to attribute the dis- 
crepancy noti¢ed between the theoretical and 
the experimental data to too rapid heating in 
the experiment. Before the horizontal section 


on the experimental curves the curve bulges 
towards the axis of the concentration. In 
this respect, therefore, the two sets of data 
are mutually confirmatory. 

Summarizing the results of a theoretical 
study on the phase equilibria of the Fe - P - 
C ternary system, the author of [5] distin~ 
guishes three regions in the iron corner at 
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concentrations of phosphorus of between 0 
and 0.4 per cent, viz.: a region of solid 
solution where Y is in equilibrium with a - 
solid solution, a region where ¥ is in 
equilibrium with iron carbide, and finally 
‘‘an important region where iron phosphide is 
precipitated from the Y-phase’’. This last 
two-phase region ( Y + Fe,P) borders on the 
other two-phase regions (y+a) and ( ¥+ 
Fe,C), which is rather puzzling. The nature 
of the transformation + Fe,P, 
occurring without change in temperature, 
irrespective of the content of carbon in the 
alloys, is not explained. 

Fig. 5 shows a microphotograph of an alloy 
(0.80 per cent C, 0.3 per cent P), cooled 
from the austenite single-phase region and 
hardened from 850° C after holding at this 
temperature for 15 min. From its composition 
the alloy belongs to the centre of the 
region, where it is suggested that phosphide 
is precipitated, and the hardening tempera- 
ture is only 14° below the boundary of the 
austenite single-phase region. Hardening 
fixed the martensite, and ferrite and 
cementite are precipitated simultaneously at 
the grain boundaries of the original austenite. 
The principal phase is evidently cementite. 
Etching with alkaline and neutral sodium 
picrate and determination of the microhard- 
ness* clearly confirmed the presence of 
cementite, but revealed no phosphide. When 
the same alloy is cooled slowly, it has the 
structure shown in the microphotograph in 
Fig. 6 Here the pearlite is surrounded by a 
network of ferrite, in which there is in tum a 
network of cementite. This structural anomaly 
is illustrated more clearly in Fig. 7, by the 
micrograph of a section of an alloy (0.89 per 
cent C, 0.30 per cent P), etched with an 
alkali solution of sodium picrate. 

Although we did not find any structurally- 
free phosphide in the structure of these 
alloys it was clear that the special features 
of the transformations here arise owing to 


* The microhardness of the cementite in pure alloys 
of iron and carbon was found to be 800 kg/mm, 
that of the phosphide of pure alloys of iron 
and phosphorus was 760 kg/mm? and that of 
the cementite in these alloys was 780 - 790 
kg/mm, 
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redistribution of the dissolved phosphorus 
between the a- and Y-phases. We tried to 
estimate the content of phosphorus in the 
ferrite by means of the microhardness method. 
For this we first of all plotted a curve of 
the microhardness (using PMTZ apparatus, load 
20 g) relative to the content of phosphorus 
in the ferrite, from the results of a study 


Fig. 5. Microstructure of an alloy containing 
0.80 per cent C and 0.3 per cent P, cooled from 
the austenite single-phase region and hardened 
from 850° C after holding at this temperature 
for 15 min. X480. 


Fig. 6. Microstructure of alloy containing 
0.80 per cent C and 0.3 per cent P, cooled 


Fig. 7. Microstructure of alloy containing 0.89 
per cent C and 0.3 per cent P. Etched with 
an alkali solution of sodium picrate. Anomaly 
of structure. X480. 


of binary alloys that we had specially 
prepared (Fig. 8). At contents of phosphorus 
above 0.2 per cent the microhardness varies 
considerably with change in the content of 
phosphorus, and thus the method used was 
sufficiently sensitive for our purpose. The 
microhardness of the “‘relief ferrite’’ in 
alloys containing 0.3-0.4 per cent C and 
0.15 per cent P was 140-17¢ ke/mm’, corres- 
ponding to a content of 0. 25-0.70 per cent 
of phosphorus. In alloys containing 0.50- 
0.70 per cent C the microhardness was 200-250 
kg/mm?, which indicated a content of 1. 2-1.5 
per cent of phosphorus. The content of 
phosphorus in the network of ferrite contain- 
ing the network of cementite, according to 
this method was 1. 21-1.33 per cent. This 
concentration of phosphorus in the a-phase 
is close to the limit of solubility of 
phosphorus in the a-phase at temperatures of 
800-870° C, temperatures at which the 
formation of austenite is complete in alloys 
containing 0.2-0.3 per cent P. 


QO? 04 0608 10 12 44 
Content of phosphorus, per cent 
Fig. 8 Curve of the microhardness relative to 
the content of phosphorus, in Fe — P binary 
alloys. 


According to this method we concluded that 
on the temperature remaining constant, 
transformation starts on redistribution of 
the phosphorus between the ferrite and the 
austenite, and on an equilibrium being 
reached in which the ferrite is saturated 
with phosphorus. On rise in temperature 
the relative quantity of ferrite in the 
structure at a given temperature increases 
and the concentration of phosphorus 
decreases to the level of its solubility 
in ferrite at this temperature. It follows 
from this that at the concentrations of 
carbon being considered (0.5-0.9 per cent C) 
in the critical range of transformation the 
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Y — a+ Fe,C transformation takes place at 
the boundary of the original grains of 
austenite, resulting in the formation of an 
unusual ‘‘pearlite” having the structure of 
a coarse conglomerate. As the temperature 
approaches that of tie usual eutectoid 
transformation the concentratio of phosphorus 
in the austenite falls to~ 0.1 per cent, 
the ferrite still being capable of dissolving 
0.88 per cent of P, and the transformation 
process ends with the formation of usual 
pearlite at temperatures near to the 
temperature of transformatim of pure Fe - C 
binary alloys. Here the dilatometer records 
a pearlite arrest. The microstructure of 
the alloy being considered (0.80 per cent C 
and 0.30 per cent P), obtained after slow 
cooling from the austenite single-phase 
region with holding at 730° for 30 min, is 
shown in Fig. 6, and indicates that 
practically all the cementite is in the 
structurally-free form. Anomalies of this 
type become quite pronounced on slow cooling 
of alloys containing more than 0.15 per cent 
of phosphorus. tThe only way of preventing 
the redistribution of phosphorus and of 
obtaining a near-pure pearlitic structure is 
to cool sections from the austenite single- 
phase region. On cooling under these 
conditions, a purely eutectoid structure 
should be obtained in an alloy containing 0.2 
per cent of P and 0.78-0.80 per cent of 
carbon. 

III. The unfavourable effect of phosphorus 
on the strength of steel at low testing 
temperatures becomes more pronounced on 
increase in the content of carbon. Thus the 
content of phosphorus in steels containing 
fairly large or large quantities of carbon 
should not exceed 0.05-0.03 per cent. As 
yet no satisfactory explanation has been 
given for the unfavourable effect of carbon 
on the properties of phosphorus steel [5]. 
Phosphorus in small quantities is a usual 
impurity, and a ‘necessary evil’”’ in 
commercial iron [6]. As yet the area of the 
phase-equilibrium diagram of the Fe - C - P 
system at the range of concentrations of 
phosphorus which is of importance in the 
production of high-quality steel has not 
been elucidated in great detail, nor have the 


kinetics of the transformations in these 
alloys been determined very accurately. 

We know that phosphorus has a tendency 
towards dendritic segregation, and that 
segregation is very stable on homogenizing 
annealing [9], but far less is known of the 
non-uniformity of the phosphorus distribution 
in the structure of steel that has passed 
through the two-phase regions (a‘+,y) and 
(8 + Y), and of the factors affecting this 
non-uniformity. Neither has the problem of 
the effect of phosphorus on the mechanism of 
the brittle fracture of phosphorus steel 
been studied sufficiently [10]. It is only 
recently that interest in these problems has 
increased, with the understanding of the 
effect of phosphorus on the temper brittle- 
ness of steel. Our interest in the problem 
stemmed in the first place from a desire to 
increase the production of Bessemer steel 
[11], which is limited by the presence of 
low- phosphate ores. 

As was stated earlier, it had been 
suggested in [1] that it might be worth 
while to decrease the severity of the effect 
of phosphorus on the properties of mediun- 
carbon steel by concentrating the phosphorus 
in isolated and more or less equi-axial 
inclusions of “‘relief ferrite’’ in the lattice 
of the ordinary low-phosphorus ferrite. To 
carry out this experiment we used steel 
melted in a high-frequency electric furnace 
with an acid crucible. 

The initial furnace charge materials 
consisted of No. 45 steel (C 0.47%, Si 0. 22%, 
Mn 0.63%, P 0.035% S 0.026%), and 15 per 
cent ferrophosphorus. ‘The carbon consumed 
during melting was replaced by adding cast 
iron to the furnace charge. The steel was 
deoxidized using 75 per cent ferrosilicon and 
70 per cent ferromanganese. Further 
deoxidization of the steel with aluminium was 
not employed. Steel was obtained of the 
following composition (per cent): C 0.48, 

P 0.142, Si 0.228, Mn 0.44, S 0.026). Rods 
100 mm in diameter and ~ 200 mm long were 
cast from the melt using a metal mould. 
After removal of the top end, the rods were 
forged into bars measuring 15 x 15 mm. The 
bars were sawn into blanks, for the prepara- 
tion of standard test specimens following 
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normalization fron a temperature of 800°. 
Immediately after normalization, half the 
specimens were used to prepare test specimens 
for impact testing (10 x 10 x 55 mn, 

Mésnager notch). The rest of the specimens 
underwent heat treatment as follows: they 
were heated to 760° (15° below the A, -point), 
held at this temperature for 1 hr and then 
cooled in air. Impact testing was carried 
out at the following temperatures: 0, -10, 
-2%, -30, -35, -40, -45 and -50° Cona 
Charpy pendulum machine. The specimens were 
cooled to the temperatures mentioned in a 
thermostat in a mixture of alcohol and solid 
carbon dioxide. 

The results of the tests are shown in 
Table 1 and in Fig. 9 (the dotted curve 
gives the impact strength relative to the 
test temperature for steel in the initial 
normalized condition, the thick curve the 
impact strength for the same steel, after 
heat treatment as described above, with 
holding in the critical temperature range. 
Fig. 10 gives the microstructure of steel 
heat-treated as described above. 


o% 


4 
-50°-40 °-30° -20°-10° O° 
Test temperature °C 


Fig. 9. Curves of the impact strength relative 
to the test temperature, for steel (0.48 per cent 
C, 0.142 per cent P, 0.228 per cent Si) in 
initial normalized condition and after double 
heat treatment, viz.: normalization + annealing 
in critical temperature range 750° C 1 hr, cooling 
in air. 
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As will be seen from Table 1 and Fig. 10, 
the method of heat treatment employed in the 
experiments improved the impact strength of 
the steel, chiefly in that it lowered the 
critical interval of brittle fracture by 
10-15° C. At the same time the impact 
strength was increased by 0.5-1 kgm/cm?. The 
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microstructure of the alloy was very 
similar to that expected. The microhardness 


of the isolated small islands of ‘‘relief 
ferrite’’ was 210 kg/mm?, whereas that of 
the usual ferrite surrounding it was 135 
kg/mm?. The microhardness of the relief 
ferrite suggests a content in it of up to 
1.0 per cent of phosphorus. It can be 
assumed that the measured microhardness of 
the “relief ferrite” is rather low, owing to 
the small area covered hy the “relief ferrite” 
relative to the cross-section of the indentor, 


Fig. 10. Microstructure of steel containing 
0.48 per cent C, 9.142 per cent P. Heating at 
760° 1 hr, cooling in air. X400. 


TABLE 1 


Impact strength a,, kg/mm2 


After additional 
heat treatment 


Initial normalized 
condition 


5.5 5.0 6.0 6.5 6.4 6.0 
4.7 5.0 4.8 5.5 5.9 6.0 
4.0 1.9 2.0 5.1 4.8 5.1 
3.5 1.6 1.3 4.6 4.2 4.3 
2.8 1.0 1.5 4.0 2.6 1.7 
1.0 0.7 1.1 3.7 2.0 | 1.5 
0.7 0.6 0.9 2.7 2.0 1.3 
0.5 0.7 0.8 0.7 1.0 1.6 


The results obtained in this experiment 
should be considered as being of a preli- 
minary nature, further large-scale semi- 
works experiments being required to confirm 
them. 

It should be noted that the experiment was 
made using steel having the maximum permis- 
sible content of phosphorus (0.142 per cent). 
If this limit is exceeded it is very likely 
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that anomalies of the structure of steels 
will arise, as was shown by the study of the 
structure of phosphorus steels described 
above. Tests of this type on medium-carbon 
steel containing ~ 0.07-0.1 per cent of 
phosphorus are of great value in improving 
the production of ordinary Bessemer steel. 


Translatea by R, Hardbottle 
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THE PROCESSES OF CARBIDE FORMATION ON THE 
TEMPERING OF CHROMIUM STEELS* 


B.A. APAEV 


Gor’ kovsk Physicotechnical Research Institute 
(Received 18 March 1957) 


The chief feature of the transformations 
occurring on the tempering of special steels, 
as compared with carbon steels is that, in 
addition to the process of carbon redistri- 
bution, a process occurs of redistribution 
of the alloving element between the a -solu- 
tion and the carbide phases. As yet no 
agreement has been reached, either.as to the 
nature of these two processes or as to the 
order in which they occur. 

According to Sirota [1] the stages in the 
system of carbide formation on the annealing 
of chromium steels are as follows: 

M + FesC + (Fe, Cr),C (Cr, Fe);Cg. (1) 

If the steel composition is such that the 
special carbide cannot form, then the last 
stage of the system does not take place. 

Bokshtein’s system [2] is slightly 
different: 


M—(Fe, Cr)3C>+(Fe, +[(Fe, 
+ (Cr, Fe),C3]+(Cr, Fe)-Cs. (2) 


Pogacher and Permiakov [3] distinguish the 
following stages of the system of carbide 
formation: 


M (Fe, + (Fe. > [(Fe, Cr’)sC + 
+ (Fe, Cr”)gC] > (Fe, > (Cr, Fe):Cs. (3) 


The only difference from Bokshtein’s system 
is that at a certain stage in tempering, in 
addition to the first batches of alloyed 
cementite (Fe,Cr)3C, there form second lots 
of cementite poor in chromium (Fe, Cr ),C. 
With rise in tempering temperature there is 
a levelling-out of the concentrations of 
chromium in these two cementite carbides 


* Fiz. metal. metalloved. 6,No.5, 858-865, 1958 . 


until similar values are reached. The 
authors of papers [2,3] share the view that 
in the first batches of cementite the 
content of chromium corresponds to its mean 
content in the steel [4-6]. It thus follows 
from the systems proposed that in the very 
early stages of tempering (at any tempera- 
tures) chromium participates in the forma- 
tion of the cementite. The authors of the 
systems described claim that they are valid, 
not only for steels containing various 
quantities of chromium but also for steels 
alloyed with other special elements. 

Lashko and Nesterova [7] believe that the 
nature of the processes occurring on 
tempering varies with the degree of alloying 
of the steel. For a content of chromium up 
to 10 per cent the system of carbide forma- 
tion is: 

FesC => (Fe, Cr)sC + — (Cr, Fe);Cs. (4) 


The third stage in this system consists of 
diffusion of the cementite in the a-solution, 
from which the trigonal carbide is then 
crystallized. In high-chromium steels (10- 
15 per cent Cr) the stages of the system 

are: 


M-> i (Cr, Fe)-C,] (Cr, Fe).Cs. (5) 


The authors believe that the first metastable 
phase is a special face-centred y-phase 
resembling in its chemical composition the 
trigonal carbide. In steels in which cubic 
carbide can form, the Y-phase already occurs 
in the hardened condition and the process of 
carbide formation takes place in the following 
stages: 

(Cr, Fe);Cs > (Cr, 2 -> 


(Cr, Fe).3C,,. (5) 


In this system the cubic carbide, like the 
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trigonal carbide, crystallizes from the 
a-solution after diffusion of the (Cr, Pe) ,C,- 
carbide. 

The formation of a low-temperature Fe a C- 
phase on the tempering of chromium steels in 
hinted at in a number of papers [3, 4, 8, 9], 
but the authors do not give any details of 
the tempering process responsible for the 
formation and the degeneration of this phase. 

From the proposed systems it follows that 
the first phase to form is cementite. 

Several authors [1,7] believe that in the 
first stages of tempering the cementite does 
not contain chromium. A general feature of 
systems 1, 2 and 3 is that they all portray 
the formation of the special carbide within 
the volume of the cementite phase only until 
the limiting concentration of chromium — 13 
to 25 per cent — in the cementite phase is 
reached [2, 3, 10, 11). Since the temperature 
of the formation of the trigonal carbide 
depends on the concentration of chromium in 
the steel [2], which decreases with increase 
in the degree of alloying, the rate of 
diffusion of the chromium in the cementite 
and the point at which the limiting concen- 
tration is reached should depend on the 
concentration of chromium in the steel. The 
lower the temperature at which the limiting 
concentration is reached, the higher the 
chromium content in the steel. 


MATERIALS AND METHOD OF INVESTIGATION 


The chemical composition of the steels 
investigated is given in Table 1. 


For Nos. 10Kh30, 10Kh40 and 10Kh80 steels 
the hardening temperature was 1150-1200°, 
for the remainder it was 1000-1500°. 
Hardening was carried out in a 10 per cent 
solution of caustic soda with subsequent 
cooling in liquid oxygen. Refore being 
hardened, the high-carbon chromium steels 
(Cr/C = 3-7) underwent homogenizing 
annealing in vacuo at 1200° for 12hr. 

The experiments were carried out on a 
magnetometer with a ballistic system, in 
fields of 7000 oersteds. The test specimens 
were cylindrical in shape, diameter 4 mn, 
length 40 mm. 

Conclusions as to the formation of ferro- 
magnetic phases were drawn on the basis of 
the analysis of / curves obtained from 
the specimen on further heating after the 
heat treatment mentioned. The variation in 
the phase composition with increase in 
holding at a given tempering temperature or 
with rise in tempering temperature was 
determined hy comparison of the corres- 
ponding curves on repeated heating. 


EXPERIMENTAL DATA CHARACTERIZING THE 
PROCESS OF CARBIDE FORMATION ON THE 
TEMPERING OF CHROMIUM STEELS 


Nos. 10Kh6 and 10kh15 steels. The nature 
of the carbide phases formed and the variation 
in the phase composition with increase in the 
duration and temperature of tempering were 
the same in both these steels, thus we shall 
give illustrative material for No. 10Kh15 


TABLE 1 


Chemical composition of steels investigated 


Content of elements, per cent 


Si 


Mn 


Ni 
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5 x 40 0.49 4.30 0.15 0.07 trace 0.018 0.014 9.25 
5 x 80 0.49 7.74 0.18 0.05 trace 0.016 0.017 16.6 
10 x 80 1. 06 7.74 0. 20 0.09 trace 0.020 0.012 7.0 
10 x 40 1. 03 4. 28 0.20 trace trace 0.021 0.018 4.12 
10 x 30 1.02 3.14 0.16 trace trace 0.017 0.020 3.45 
10 x 15 1.17 1.34 0.22 0.31 0. 13 0.022 0.016 15 
10 x 6 1.05 0.63 0.16 0.04 trace 0.018 0.021 0.65 
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steel only. Analysis of the I,(t) curves 
indicates that exactly the same carbide 
phases of iron form on tempering as are 
formed in carbon steels, i.e. cementite, 

€- and X-carbides [12, 13]. The order in 
which the phases appear, their relative 
stability and the decomposition products of 
the intermediate carbide phases remain the 
same. The stability of the e-carbide 
remains very high at t < 250° and falls 
rapidly at t >» 300°. At tempering tempera- 
tures of up to 200° the carbide is retained 
in noticeable quantities after holding for 
250 hr (Fig.1), at 300° (Fig.2) a certain 
amount of carbide remains after holding for 
3 hr, at t 400° it is no longer detected 
in the steels even after holding for several 
minutes only. The decomposition products of 
€ -carbide are cementite and X-carbide 
(Fig.1). Chromium noticeably lowers the 
stability of X-carbide (compared with its 
stability in carbon steels). This carbide 
degenerates at a temperature of 350° on 
holding for 6-10 hr, at 450-500° on holding 
for 1-3 hr, and at t >550° the high-tem- 
perature carbide is for practical purposes 
unstable (Fig.3). Decomposition of the 

X -carbide leads to the formation of 
cementite. The range of temperatures at 
which it occurs narrows with increase in the 
content of chromium: the carbide forms at 
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Fig. 1. Character of the J s(t) curves after 
annealing for various times at 200° (No. 10Kh15 
steel): (1) 10 hr; (2) 250 hr; (3) on plotting 
a curve from thesame specimen a second time. 
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higher temperatures and degenerates at 
lower temperatures. At certain concentra- 
tions of chromium this phase fails to form 
on tempering. The stability of X -carbide 
is affected in the same way also by molyb- 
denum and manganese. 


Steel 
if 


205 


275 


270 
260 
290 
2IO\—| 

200 300 EC 

Fig. 2. Character of the I(t) curves after 
annealing for various times at 300° (No. 10Kh15 
steel). 


Fig. 3. Character of the I(t) curves after 
annealing for various times at 550° (No. 10Kh15 
steel): (1) 3 min; (2) 1hr; (3) 3 hr; 

(4) 6 hr; (5) 10 hr. 

At low tempering temperatures ( < 200°), 
starting with holding for short periods, the 
formation of a small quantity of cementite is 
always observed, The quantity of cementite 
phase remains practically constant up to the 
point at which X-carbide forms (as a result 
of decomposition of the low-temperature e€- 
phase). We noticed this phenomenon also in 
studying the tempering processes in carbon 
Steels [13]. The first batches of cementite 


= 
VOL. 
6 
195§€ 
280% 
i 
280 
280) 
4 
| } 
250) 
____ Sas 
* 


OL. 


958 


Carbide formation on the tempering of chromium steels 


are probably formed in the areas of a-phase 
poor in carbon, according to the reaction 
M— >» € —»Fe,C, as the result of self- 
tempering of the specimens on hardening. 

It is important to note that on holding 
within a given range of times (the shorter, 
the higher the tempering temperature and the 
content of chromium in the steel) the Curie 
point of the cementite remains in the normal 
position ( @ 210°). This indicates that the 
cementite phase formed in the first moments 
hardly contains any chromium. The process of 
diffusion of chromium in the cementite can be 
followed by observing the movement in the 
Ao-point from the value 210° to lower tem- 
peratures. On holding for 10 hr no diffusion 
of chromium in cementite was seen in No. 
10Kh6 steel at temperatures below or equal to 
550°, or in No. 10Kh15 steel at t ¢ 500°. 
Diffusion of chromium in these steels can be 
followed with ease only at temperatures > 
600 and 550° respectively (Fig.3). Redis- 
tribution of the chromium between the a -phase 
and cementite begins once the degeneration of 
the intermediate carbide phases is complete, 
i.e. when the process of carbon redistribution 
between the a-solution and the cementite has 
en ded. 

Nos. 10Kh30, 10Kh40 and 10Kh80 steels. The 
chief feature of the processes occurring on 
tempering these steels is that no formation 
of X-carbide is observed in them. Moreover, 
within given ranges of tempering times and 
temperatures, in these steels the redistri- 
bution of chromium starts before the process 
of carbon redistribution is ended. From Fig. 
4 it will be seen that the Curie point moves 
while there is still €-carbide in the struc- 
ture of the steel. 

In chromium steels it is a general fact that 
of all the carbide phases of iron, cementite 
alone participates in the redistribution of 
ch romium. 

In Nos. 10Kh30 and 10Kh40 steels at t © 
350° the € -carbide is more stable than in 
Nos. 10Kh6 and 10Kh15 steels, whilst at t > 
400° such an increase in the content of 
chromium hardly affects its stability (Fig. 5). 
In No. 10Kh80 steel the stability of the 
carbide is even greater. It is retained on 
holding for 1 hr at 400° and it is only at 


higher temperatures that it is unstable. 
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Fig. 4. Character of the T(t) curves after 
annealing for various times at 250° (No. 10Kh30 
steel). 

(1 - heating to 300°; 2,3 - heating to 425°). 
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Fig. 5. Character of the I,(t) curves in 
relation to the temperature and duration of 
annealing (No. 10Kh30 steel). 


Nos. 5Kh40 and 5Kh80 steels. The nature of 
the tempering processes in these steels 
resembles that in Nos. 10Kh30-10Kh80 steels. 
The X-carbide does not form in any of these 
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steels. On increase in the relative 
concentration of chromium the temperature of 
diffusion of the chromium in the cementite 
falls still further, and the speed of this 
process is increased. In No. 5Kh4 steel 
the cementite is very highly alloyed even 
after tempering for 1 hr at 300°, while at 
550° after holding for the same time the 
concentration of chromium is so great that 
the cementite becomes paramagnetic. In No. 
5kh80 steel diffusion of the chromium in the 
cementite is fairly rapid at t > 250°, and 
the limiting concentration of chromium in the 
cementite is reached at t% 450°. 


DIFFUSION OF CHROMIUM IN CEMENTITE 


As was stated earlier the process of the 
diffusion of chromium in cementite was 
observed in magnetic analysis from the move- 
ment of the A.-point. The variation in the 
Curie point of cementite with the tempering 
temperature (on holding for 1 and 10 hr) is 
given in Fig.6. The character of the curves 
shows that, starting at a certain point for 
each steel, the Curie point moves to a lower 
temperature. The temperature at which the 
diffusion of chromium in the cementite begins 
is lower, the more chromium there is in the 
cementite begins is lower, the more chromium 
there is in the steel. The speed of the 
process (estimated qualitatively from the 
intensity of slope of the curve) also increases. 
The same can also be concluded from experi- 
mental data, ty following the movement of the 
Curie point of cementite on isothermal 
tempering. It is interesting to find that at 
high tempering temperatures (for No. 10Kh15 
steel at t > 600°, for Nos. 10Kh30, 10Kh40 
and 10Kh80 steels at t > 450° and for No. 
5Kh80 steel at t > 300°) the rate of diffusion 
of chromium in the cementite is so high that 
a smooth fall in the Curie point cannot be 
observed even on holding for times differing 
from each other by minutes. This suggests 
that diffusion of chromium in cementite does 
not follow the laws of atomic diffusion. 
Owing to the high rates of diffusion of 
chromium in cementite at high tempering 
temperatures the recorded redistribution of 


chromium cannot be said to be the result of 
a process taking place in isothermal oon- 
ditions. 
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200 300 400 


Fig. 6. Relationship of the Curie point of 
cementite to the temperature and duration of 
annealing. 

(Steels: 10Kh6; 10Kh30; 10Kh15; 10Kh80). 

From the character of the curves in Fig. 6 
it can be concluded that on the continuous 
heating of steel the cementite phase formed 
initially does not contain chromium. The 
experimental data obtained indicates the 
view that the content of chromium in the 
first batches of cementite corresponds to 
its mean content in the steel is incorrect. 

If we adopted the principle suggested by the 
authors of [2-6], we should expect the 
cementite formed initially on tempering Nos. 
10Kh30 and 10Kh40 steels to contain 3-4 per 
cent Cr. Bearing in mind that after prolonged 
high-temperature tempering (650°, 10 hr) the 
major part of the chromium in No. 10Kh6 steel 
will be diffused in the cementite then the 
concentration of chromium in it will be about 
the same (3-4 per cent), and the Curie point 
of such cementite lies at about 150° (Fig.6). 
Thus, for Nos. 10Kh30 and 10Kh40 steels under 
any conditions of tempering the Curie point 
cannot be higher than 150°. ‘The experimental 
data given in Fig.6 do not justify this con- 
clusion. 
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FORMATION OF THE SPECIAL CARBIDES 


The preparatory stage of the formation 
of the special carbides of chromium is 
chromium in the cementite. A special 
(trigonal) carbide continues to form, 
irrespective of the content of chromium 
in the steel, until the limiting concen- 
tration of chromium in cementite (13-15 
per cent) is reached. The temperature 
of the end of the preparatory stage can 
be considered as being the start of the 
formation of the special carbides. Both 
these temperatures vary in a similar 
manner with the relative concentration, 
decreasing with increase in the Cr/C 
ratio. The suggestion that on the limiting 
concentration of chromium in the cementite 
being reached the latter becomes para- 
magnetic, appears to be correct. This is 
indicated by the fact that a degeneration 
of the A,-point is not seen on the I,(t) 
curves plotted from annealed specimens of 
steels in which the trigonal carbide 
cannot form. ‘Thus in magnetic analysis 
the temperature at which degeneration of 
the A.-point is observed on the I,(t) 
curves can he taken as a qualitative 
indication of the start of the formation 
of trigonal carbide. Comparison of these 
temperatures with that of the formation 
of the special carbides, from the data 
obtained in [2] justifies this method of 
estimation (Table 2). 


SYSTEMS OF THE FORMATION OF CARBIDES ON 
THE TEMPERING OF CHROMIUM STEELS 
ACCORDING TO MAGNETIC-DATA ANALYSIS 


The process of carbide formation on the 
tempering of chromium steels can be followed 
most conveniently from diagrams showing the 

temperature ranges of stability of the 
carbide phases. The diagram is drawn using 
as co-ordinates the temperature and the 
relative concentration of the alloying 
element (Cr/C). ‘These diagrams are vertical 
sections of the ternary metastable diagram 
Fe-Cr-C. In view of the selected steel 
compositions and the completeness of the 
data from our investigation, we give the 
section for the content of 1 per cent C 
(Fig.7). The position of the lines on the 
diagram depends on the tempering period or 
on the heating rate. With increase in the 
tempering period (decrease in the heating 
rate) all the lines in the diagram shift 
into an area of lower temperatures. The 
degree of shift depends on the stability of 
the metastable carbide phases. The maximum 
shift will be observed near the lines OLQ, 
MK and EF. ‘The qualitative character of 
the shift is shown in the diagram by arrows 
of different length. We will point out the 
main features of the diagram. At relative 
concentrations Cr/C < 3 all three carbide 
phases form on tempering. In the composition 
in which trigonal carbide can fom, the 
stages in the variation in the phase composi- 
tion with rise in tempering temperature will 


TABLE 2 


Comparison of the temperatures of the formation of the special carbides 


Temperature Temperature 
of formation | of formation 
of paramagnetic| carbide, °C 
cementite, °C [2] 


450 450 
550 
550 
650 
650 
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5 x 40 9. 25 4x 9 

10 x 80 7.0 sad si 

10 x 40 4.12 4 x 20 5. 5 

10 x 30 3.15 


Carbide formation on the tempering of chromium steels 


be as follows: 
FesC> (Fe, Cr)sC > 
[(Fe, Cr’),C + (Cr, Fe);Cs] 
(the system was based on the fact that the 


carbide phases are arranged in order of 
increase in their stability). 
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| | 
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Fig. 7. Diagram showing temperature area of the 
stability of carbide phases in tempering of 
chromium steels 

(C = 1% = const) 


Carbide formation takes place in two main 
stages: carbon redistribution and chromium 
redistribution. These stages are successive. 
the range of temperatures of the occurrence 

X-phase narrows with increz.se in the 
relative concentration of chromium. 

At relative concentrations Cr/C > 3 two 
carbide phases of iron form: € -Fe,C and 
Fe,C. Redistritution of carbon precedes 
redistribution of chromium, but the latter 
process begins before the main redistribution 
of carbon that is characterized by degenera- 
tion of the €-carbide is completed. ‘he 
overlap of these two processes (line LQ) is 
greater (it starts at lower temperatures) the 
higher the relative concentration of chromium 
in the steel. In these steels the variation 
in the phase composition with rise in ten- 
pering temperature can be represented by the 
system: 

[e + FesC] + [e + (Fe, Cr)sC] > 


(Fe, Cr’sC > [(Fe, Cr’)sC +(Cr, Fe),Cs]. 


Increase in the content of chromium in the 
steel leads to a rise in the temperature of 
decomposition of the retained austenite (the 
dotted line a B). At Cr/C-values > 8 
chromium steels are of the austenitic type. 
Carbide formation in the a-phase on temper- 
ing will take place as the result of 
austenite decomposition. In view of the 
high decomposition temperature and of the 
high concentration of chromium, purely iron 
carbide phases cannot form on tempering. 

An analysis of experimental material 
obtained in studying chromium steels 
containing 0.5 per cent or more of carbon, 
steels [13] both suggest that similar 
diagrams drawn for these compositions will 
not contain the area MKRP. In high-chromium 
steels, as a result of a fall in the 
temperature of the redistribution of chromium 
between the cementite and the a-solid 
solution on increase in the content of 
of chromium in the steel, the alloyed 
cementite forms at low and medium tempering 
temperatures. 

The present investigation indicates that 
no general system applicable to all steel 
compositions can be derived to describe the 
tempering processes. Variation in the 
relative concentration of chromium affects 
the rates of redistribution of the carbon and 
chromium, changes the temperature at which 
chromium begins to be diffused in the cemen- 
tite and alters the conditions of the for- 
mation of the iron carbides. 

There is a general tendency in the evolution 
of the tempering processes for the redistri- 
bution of carbon to precede that of chromium. 
A normal cementite phase is formed initially 
(as a result of degeneration of the inter- 
mediate carbide phases) and then the chromium 
is diffused in the cementite. ‘hese proces- 
ses can be observed individually within 
certain time and temperature ranges only, 
depending on the relative concentration of 
chromium in the steel. ‘The position is 
similar in the case of manganese steels. In 
molybdenum steels the redistribution of carbon 
is always completed before that of molybdenum 
begins. 


Translated by R, Hardbottle 
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By ‘“‘strain’’ martensite”, 


as distinct from ‘cooling martensite’’, we mean 


martensite formed through the agency of externally-applied mechanical forces, 
cooling martensite being obtained as a result of the usual martensitic process 


on cooling below the T,~point. 


The object of the research described here was to study the kinetics of the 
formation of strain martensite, and also to compare the process of the formation 


of cooling martensite. 


EXPERIMENTAL PROCEDURE 


The investigation was carried out on nickel 
steels from laboratory melts, the composition 
of which is given in Table 1. 

In addition to the elem@ts mentioned, the 
melts contained (per cent) Si ~ 0.25, Mn ~ 
0.20, P ~ 0.02 and S ~ 0.02. 


TABLE 1 


Composition of the steels investigated 


Content of elements, per cent 


Steel 
Ni 


15 
45N 16 
45N 19 
45N D 
45N 23 
40N 19 
95N19 


The composition of the experimental melts 
Was selected in such a way that, by grouping 
them into two series, viz. 45N15 - 45N16 - 
45N19 - 45N2) - 45N23 and 40N19 - 45N19 - 
9519, the effect of nickel and carbon on 


* Fiz. metal. metalloved. 6, No.5, 865€-873, 1958 . 


the kinetics of the formation of martensite 
could be studied. 

To study the formation of martensite on 
strain, ingots of the experimental melts were 
forged into bars 12 mm in diameter, from 
which specimens for tensile testing (d, = 
5 mn, ly = 20 mm), and specimens (d = 3 mn, 

l = 30 mm) for studying the martensite 
transformation were prepared. 

The specimens were hardened from 1220°, 
heating prior to hardening being carried out 
in vacuo. 

To investigate the process of the formation 
of strain martensite, the hardened specimens 
were stretched in an IM-12-A testing machine, 
and with P and A\l as co-ordinates, a curve 
of the extension was drawn on a large scale 
automatically on the diagram unit of the 
machine. Since the diagrammatic record of 
the strain does not give the strain with the 
required accuracy at low magnitudes of strain 
(up to 6 = 0.5 per cent), a Gugenberger 
mechanical strain gauge was used to determine 
the first part of the curve more clearly. On 
stretching the specimen, at the same time as 
the forces and the strains were being deter- 
mined, the quantity of martensite formed was 
measured using a specially-designed magneto- 
meter. The principle of the operation of the 
magnetometer was the variation in the induc- 
tion e.m.f. in a secondary winding located in 
an altemating field through the formation of 
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martensite in a specimen placed inside the from loading. The increase in the galvano- 
winding. The magnetometer was designed to meter readings on extension of the specimens 
give separate rectification of the e.m.f.’s results therefore not only from the formation 
of the secondary and compensating windings, of martensite but also from a magnetostric- 
which were compared after rectification. tion phenomenon, the magnetostriction 

The basic design of the instrument is ‘freverse effect’’. In the method adopted, 
illustrated in Fig. 1, where / is the primary, therefore, both these phenomena were allowed 
2 the measuring and 3 the compensating for. The magnetometer was calibrated as 
winding, 4 is the specimen and 6 is the follows: a certain number (8-10) of the 
specimens prepared for use in studying the 
transfomation of austenite into martensite 
were kept apart from the rest and, although 
they were tested in the usual way testing 
was not completed, the test being discontinued 
after a certain period by stopping the machine, 
whilst keeping the specimen under load. ‘the 
galvanometer readings were taken and the 
machine was reversed. ‘The ends of the 
specimens were then cut off, and the content 

Fig. 1. Design of the magnetometer for per cent of ferromagnetic phase was deter- 
measuring the quantity of martensite fcrmed mined using the ballistic equipment. 

Since the magnetometer was calibrated in 
Nominal units (F %), selected as if the 

The design of the transmitter of the ferromagnetic phase consisted of Armco-iron, 
magnetometer was described in [1]. al lowance had to be made for the variation in 

To stabilize the instrument readings the magnetic saturation with the chemical 
despite oscillations in the network voltage, composition of the solid solutio in order 
an input resonator was used, following to find the actual content of ferromagnetic 
which there were connected in series two phase. Since carbide phase is absent from 
ferro-resonant stabilizers with a coupling the specimens investigated, and the compo- 
condenser. Stabilizing the feed reduced the sition of the solid solution does not vary 
error due to oscillation of the feed voltage during transformation, the quantity of 
to 1 per cent of the reading. martensite (/ %) is directly proportional 

To calibrate the magnetometer, ballistic to the (F %)-value: M%=K.1% where K isa 
equipment was built, which operated through coefficient that is constant for each alloy 
an electro-magnet. and depends on the chemical composition of 

For the ballistic equipment special pole the alloy. ‘The coefficient mentioned is 
pieces were made, which were placed between found from calculation, by correlating the 
the poles of the electro-magnet of an combined effect of the carbon and alloying 
anisometer. elements dissolved in the solid solution 

A specimen made from Armco-iron was used and the decrease in the magnetic saturation. 
as standard. To check the results of calculation, the 

Difficulties were met with in calibrating value of K was found experimentally for all 
the magnetometer, because of the changes in the alloys, as the ratio of the actual 
the shape of the test-area of the specimen quantity of martensite in the specimen, which 
on extension, and in the magnetic saturation was determined ly the linear quantitative 
through the effect of stressing. ‘The latter metallographic analysis method, to the 
phenomenon was observed if the specimen did ‘content per cent of ferromagnetic phase’’ 
not fracture and the load was released. In (F %: K =M %/1% ‘The values of K obtained 
this case the galvanometer readings fell experimentally agreed to within + 0.62 with 


by 2-5 per cent when the specimen was released those calculated. 


rectifier. 


during extension. 
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With the rethod used three relationships 
could be represented graphically, viz.: @ - 
§ (characterizing the mechanical properties), 
M o (characterizing the 
kinetics of the transformation process). In 
this case o are the actual stresses, § are 
the actual elongations and M is the quantity 
of martensite, in percentages by volume. 

The curves obtained are given in Fig. 2. 

From these curves the following parameters of 
the process can be derived: o,, the nominal 
yield point, corresponding to a residual 
strain of 0.2 per cent; o,, the martensite 
point on extension, corresponding to the 
stress at the onset of the formation of 
martensite (the onset being taken as the 
formation of 1 per cent of martensite); 
Spax(S) and M,,,, the limiting 
points on the curves, indicating: the stress 
at the moment of failure, the total strain 
and the maximum quantity of strain martensite 
fo rmed. 
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Fig. 2. Curves of extension and martensite curves 
on strain, for the following experimental steels: 
(1) No. 45N23; (2) No.45N20; (3) No.95N19; (4) No. 
45N19; (5) No.40N19; (6) No.45N16; (7) No. 45N15. 


All the tests were carried out at room 
temperature. In cases where there was a 
risk of the specimen heating up, e.g. on 
rapid extension, the specimen was placed in 
a vessel containing water, and also fine 
pieces of copper to intensify heat removal. 

Before discussing the results of the 
experiments, we should like to point out 
certain facts that are not revealed by the 
curves in Fig. 3 or similar curves. 


og 


42~~ Axis of strain 
Fig. 3. Photograph of section of the curve of 
extension (a) on formation of strain martensite; 
(b) section of curve in the absence of trans- 
formation (extension at a temperature of 200°C). 


Loading axis 


Fig. 3 contains a photograph of the recorder 
chart with a section of the curve of extension 
which, unlike the usual curve, is serrated, 
the serrations starting to appear at above 
the o,-point and being due to the formation 
of martensite. Each serration or, what 
amounts to the same thing, each displacement 
of the curve of extension corresponds to a 
step of plastic strain with the formation at 
the same time of a quantity of martensite. 
Plastic strain does not occur between the 
individual serration (pulses) and, conse- 
quently, no martensite forms in these 
intervals. There is no doubt, therefore, 
that in the alloys investigated an externally- 
applied load leads to plastic strain and at 
the same time to martensite transformation, 
the small steps of plastic strain corres- 
ponding to those of the formation of marten- 
site. The curves of the mechanical properties 
given in Fig. 3, and the aurves of martensite, 
do not illustrate this intermittent character 
of the plastic strain and of the formation of 
martensite, because the steps are very small 
and often take place in rapid succession. 

This problem was dealt with in detail in [i]. 

The relative accuracy of the determination 
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of the quantity of martensite formed in the Fig. 5 gives the martensite curves of 
aM No. 95N19 steel on straining at various 
ot 

experiments described was 1.5 per ot 


cent. 
The relative accuracy of the determination 


of the stress and elongation was 22 = 4 


per cent and ad = +6 per cent, respec- 


tively. 

In order to improve the accuracy of the 
equipment, in each case five specimens were 
tested in parallel and curves of extension 
and of martensite formation (bands of curves) ih 
were drawn for these specimens. A mea curve | 
was derived from each band, and this was © V=2 25-"- 
considered as the result of the experiment. Be Se 

In the main experiments, in studying the 20 
formation of strain martensite the temperature : 
was maintained at D-30° and the rate of strain Fig. 5. Martensite curves on strain at 
at 2.0 mm/min. (10 per cent permin.); in various rates of extension, steel No. 95N19. 
studying the formation of cooling martensite (1) v= 16 mm/min.; (2) v = 20 m/min.; (3) 
the cooling rate was kept constant at 10°/min. v = 0.25 mm/min. 


RESULTS OF THE EXPERIMENTS Martensite curves for the conditions of 
the formation of martensite under constant 
Fig. 2 gives the curves of extension and of load ( “isobaric martensite curves’’) are 
martensite formation for all the experimental given in Fig. 6. 
steels (in Nos. 40N19, 45N16 and 45N15 steels 
the martensite point on cooling lies above 
room temperature, therefore a martensitic 
phase is present in these steels before the 
start of application of loading). ‘he usual 
martensite curves for these steels, i.e. the 
cooling martensite curves, are given in Fig. 


4. 


S 
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= Fig. 6. Isobaric martensite curves. Steel 

No. 45N19. (1) 144 kg/mm?; (2) 42 kg/am?; 
(3) 47 ke/mm?; (4) 50 kg/mm?; (5) 52 kg/mm?; 

(6) 39 kg/mm?; (7) 32 ke/mm?; (8) 23 kg/mm. 
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Fig. 4. Martensite curves on cooling, for steels: 
(1) No. 45N15; (2) No. 45N16; (3) No. 40N19; (4) From the martensite curves in Figs. 2 and 4, 


No. 45N19; (5) No. 45N20; (6) No.45N23; (7) No.95N19. the following data can be derived (Table 2). 


Quantity of martensite, 


DISCUSSION OF THE RESULTS OF THE 
EXPERIMENTS 
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TABLE 2 


Quantity of martensite, % 


Initial 
amount on 
cooling 
to 20° 


Mechanical properties 


Formed 
on cooling 
from 20° 
to -196° 


Formed on 
extension 
to failure 


o 0. 2’ 
kg/mm2 


3. % 


kg /Ba2 


55 18 44 120 
45 45 53 134 
0 98 95 195 
0 70 92 156 
0 18 85 127 


From the data in Table 2 it is possible 
not only to estimate the effect of carbon 
and nickel, but also to correlate the 
positions of the martensite points (T, and 
o ,) With the mechanical properties and 
with the amount of martensite formed during 
strain. It should be pointed out first of 
all that increase in the content of nickel 
and carbon results in a decrease in the 
point of the start of the martensite trans- 
formation and lowers the whole of the 
martensite range. We are already familiar 
with this effect of nickel and carbon, and 
here it is confirmed also in high-nickel 
steels with a high content of carbon (0. 40- 
0.95 per cent C). On cooling to sub- 
atmospheric temperatures there is extensive 
development of martensite transformation in 
the steels investigated, so that on ooling 
to -196°C practically the whole of the 
austenite is transformed into martensite. 
The steels being considered are therefore 
capable of active martensite transfomation. 
At a very rough approximation it can be 
reckoned that in these steels a decrease of 
1°C in the temperature leads to the formation 
of 1 per cent of martensite. 

The effect of plastic strain at 2° varies 
considerably, and depends on whether cooling 
martensite is present at this temperature 
or not, i.e. whether the T,-point lies above 


or below the temperature of strain. 

The formation of cooling martensite lowers 
the ductility of steel considerably (cf. 
Table 2), causing earlier collapse of the 
specimens. This is probably the chief reason 
why the total quantity of martensite following 
strain is lower in the presence of cooling 
martensite than when transformation occurs on 
cooling only. 

If the onset of strain instee] takes place in 
the austenitic range, then the higher the tem- 
perature ofstrain relative to the martensite 
point, theless martensite forms (cf. Table 2, 
Nos. 45N19, 45N20 and45N23 steels). Typical in 
this respect isNo. 45N19 steel, the temperature 
of strain of which (20-30°) is very near to 
the martensite point 7,+2°. In this case 
strain can cause a complete transformation of 
the austenite into martensite, as ocaurs on 
cooling in the martensite range. Equal 
degrees of martensite transfomation are 
evidently produced, whether the stresses in 
the metal are imparted by varying the 
temperature or hy the external application of 
mechanical forces. 

In the latter case approximately 1 per cent 
of martensite forms when the stress is 
increased by 2 kg/mm?. For other steels, 


when the T,-point lies below the temperature 
of strain, the ratio is about the same over 
the linear section of the M -o@ curve (the 
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45N15 70 0 1.9 
45N 16 60 0 2.0 
45N 20 10 44 47.0 
45N 23 -40 81 80.0 
40N19 50 72 16 158 8.3 
45N19 20 98 95 195 20.0 
95N19 -60 80 72 150 21.0 
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linear sections of the curves are parallel, 
cf. Fig. 3). 

In No. 45N19 steel the positions of theo- 
point practically coincides with the To 7 
value, i.e. substantial plastic strains 
cause the formation of a substantial 
quantity of strain martensite. It is 
probable that on more accurate measurement, 
both of the strains and of the quantity of 
martensite, small quantities of martensite 
would also be detected at loads below the 
nominal yield point, but here too a slight 
residual strain should be found. On 
increasing the content of nickel the 
martensite point is lowered, thus in Nos. 
45N20 and 45N23 steels strain takes place 
at temperatures 10° and 60° above the 
martensite point, respectively. These steels 
display less tendency to fom strain marten- 
site, and the o,-stress is considerably in 
excess of the c,. -value, i.e. considerable 
stress is required and the austenite mst be 
hardened if subsequent plastic strain is to 
lead to the formation of martensite. In 
fact, in No. 45N20 steel, martensite in 
large quantities forms at strains of about 
2 per cent only, and in No. 45N23 steel an 
even greater strain is necessary. 

The opposite is true if the steel contains 
cooling martensite. In this case strain 
occurs at a temperature within the martensite 
range, and the steel is in a stressed 
condition owing to the formation of 
martensite. Thus even slight stresses lead 
to the formation of martensite and residual 
strain. 

The mechanical properties given in the last 
columns of Table 2 are only a nominal 
indication of the mechanical properties of 
the steels. They depend primarily on the 
transformations occurring during strain. If 
the specimen is strained in the martensite 
range the physical yield point approaches 
zero — low stresses produce residual strain. 
The presence of coarse-grained acicular 
cooling martensite lowers the ductility and 
the strength of steel. If the specimens are 
strained above the martensite range, then 
the greater the quantity of strain martensite 
formed, the higher is the yield point. In 
steels with little tendency to form strain 


martensite the relative elongatiom increases 
sharply (e.g. in No. 45N23 steel, in which 
strain is not accompanied hy the formation 
of large quantities of martensite). On 
correlating the formation of strain 
martensite with the position of the martensite 
point and the mechanical properties in this 
way, it should not be supposed that these are 
the sole factors governing the formation of 
strain martensite, and that the chemical 
composition can be ignored. It is interes- 
ting in this connexion to compare two steels, 
Nos. 45N23 and 95N19, in which the position 
of the martensite point and the yield point 
are approximately identical; the high- 
carbon steel shows a greater tendency to 
form strain martensite. We are unable to 
analyse this effect more closely owing to the 
absence of the necessary experimental data, 
and can only suggest that the greater 
transformation capacity of the high-carbon 
steel is due to the high degree of super- 
saturation of the solid solution with carbon, 
and to liberation of carbon from it during 
strain. In fact, in the initial stages of 
strain, Nos. 45N23 and 95N19 steels behave 
Similarly (cf. Fig. 2), and No. 95N19 steel 
shows a greater tendency to form strain 
martensite after strain of 23 per cent only. 

Matiev [4], and later other authors have 
attempted to demonstrate the effect of the 
rate of strain on the intensity of the 
martensite transformation. All these inves- 
tigators showed that increase in the rate of 
strain lowers the quantity of martensite 
formed; all admit, however, that they were 
unable to eliminate heating-up of the 
specimen at high rates of strain. Now it is 
generally accepted that increasing the rate 
of cooling to room temperature intensifies 
the transformation of austenite into marten- 
site. As has been show in this paper (Fig. 
5), the effect of the rate of loading is 
similar to that of the rate of cooling. © 

On the transformation of austenite into 
martensite through the agency of a constant 
load (isobaric transfomation), a small 
quantity of martensite — less than 0.8 per 
cent - is formed; in this case the maximum 
absolute error in determining the quantity of 
martensite Z\M % is 


6 


AM = (Gr): _ 5-08 


£0.04%. 


It should be pointed out that there are 
two stresses which under isobaric conditions 
give the greatest quantity of ‘‘isobaric 
martensite’’. For No. 45N19 steel, in the 
ranges from 47 to 91, and from 95 to 180 
kg/mm? these stresses are 73-77 and 135-145 
kg/mm? respectively (at other stresses the 
isobaric transformation results in less 
martensite being formed). Similarly, for 
No. 95N19 steel (Fig. 6), in the ranges from 
42 to 44 and from 56 to 149 kg/mm? these 
stresses are 23-52 and 149 kg/mm”, respec- 
tively. 

An analogy can be drawn here with the 
isothermal transformation of austenite into 
martensite, for which Maksimova [5} found 
two temperature ranges, in each of which 
there is a maximm rate of transformation. 


CONCLUSIONS 


In this paper a number of high-nickel 
steels were studied, whose martensite point 
lies near to room temperature. 

It was shown that externally-applied 
loads bring about martensite transformation, 
that can be represented in the fom of 
martensite curves. Lowering the temperature 
affects the intensity of the martensite 
transformation in the same way as increasing 
the externally-applied load. ‘he effect of 
the rate of loading and of the size of the 
constant load on the quantity of strain 
martensite formed was illustrated. ‘This 
effect resembles that of the cooling rate 
and of the temperature of isothermal holding 


on the quantity of cooling martensite formed. 


The effect was demonstrated of the position 
of the martensite point and of other factors 
on the intensity of the transformation of 
austenite into martensite under strain. 

When strain occurs at the temperature of 
below the 7,-point, i.e. when cooling 
martensite is already present in the 
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specimen, owing to the poor ductility of 
the specimen the external stresses do not 
cause the complete transformation of the 
austenite into martensite. On loading at 
the temperature of the T,-point, the stresses 
lead eventually to the complete transforma- 
tion of the austenite into martensite, just 
as on cooling from 7, to T,.- This is 
evidently due to the lower capacity of the 
austenite for transformation into martensite 
under strain at temperatures above the T° 
point, less strain martensite being formed 
the more the temperature of strain exceeds 
the T, “point. 

Thus the maximum quantity of strain 
martensite is formed when the temperature of 
strain coincides with the T,-point. The 
similarity between the effects of lowering 
the temperature (below the T,-point) and of 
increasing the stress (above o,) indicates 
that lowering the temperature causes stresses 
that lead to the formation of martensite. 
Approximate calculations show that in the 
steels studied an increase in the stress to 
2 kg/mm? above the yield point leads to the 
formation of —71 per cent of martensite, the 
quantity formed on lowering the temperature 
1° C; in the experimental conditions selec- 
ted, therefore, a fall in temperature of 1° C 
produces a stress of = 2 kg/mm”. 


Translated by R. Hardbottle 
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The structural changes taking place on the 
creep of metals, that are estimated from the 
scatter of the interference spots on X-ray 
Photographs, differ from the structural 
changes occurring in metals on simple 
extension at the usual rate under unifom 
temperature conditions [1]. ‘his difference 
is mainly quantitative in character. In 
order to get a better understanding of the 
part played ty the strain mechanisms, in the 
present paper an analysis is made of the 
structural changes taking place in metals at 


very low rates of strain, resembling those 


on creep. 

The change in the structural picture 
relative to the rate of strain has not bem 
studied very carefully. Only a small number 
of works have appeared on this subject, and 
the results given in these works are rather 
contradictory. Using a metal microscope and 
an electron microscope the evolution was 
studied of the slip lines on the surface of 
an aluminium single crystal strained at 
various rates (from static to dynamic) [2]. 
The investigation showed that with increase 
in the rate of extension the thickness of 
the slip bands increases, but the width and 
the length of the bands decrease. An attempt 
was made in [3] to study polycrystalline 
material. A metallographic study was made 
of the strained zone around cone indentations 
produced on static and on dynamic loading in 
various grades of coarse-grained steel. 

From an analysis of profile photographs 
and microphotographs the aithor of [3] found 
that strain is localized on testing at a 
dynamic rate of strain, and that the slip 


*Fiz. metal. metalloved. 6,NO. 4, 874-878, 1958 . 


bands run in different directions. 

X-ray investigations on the effect of the 
rate of strain have beam more thorough. In 
[4] a study was made of aluminium and copper 
specimens under conditions of static and 
dynamic testing. From a visual comparison 
of the interference pictures the author of 
[4] found no quantitative difference between 
cases of dynamic and of static failure. In 
later works [5] the structural changes were 
studied in steel and copper specimans 
subjected to dynamic and to static compres- 
sion. According to the results of these 
investigations, scatter of the interference 
lines on the X-ray photographs at.a low 
residual strain on impact loading is more 
pronounced than on static compression, whilst 
at high degrees of strain the scatter of the 
lines on the X-ray photographs on impact 
loading is slightly less pronounced than on 
static testing, dynamic compression the 
intensity of the interference lines was 
lower at high degrees of strain only. The 
aithors ascribe the reduction found in the 
width and intensity of the interference lines 
to an increase in the Joule effect with rise 
in the strain energy on impact. As regards 
the excessive line thickness during the 
period of initial strain on impact, this 
effect was not reproduced in later investi- 
gations [6]. 

It is interesting that all the papers 
written t6 explain the part played by the 
strain rate on the behaviour of materials 
relate to studies on the effect of static 
and dynamic testing. And it is only recently 
that a work has appeared that discusses, in 
addition to the static and dynamic tests 
employed, the effect of testing at a rate of 
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strain 4-50 times less than the static rate 
[7]. However, the results of this work do 
not agree with the recognized experimental 
facts. 

Specimens of No. 40 steel and of 
commercially-pure nickel were studied under 
conditions of strain on exte@sion at normal 
and at very low rates approaching those on 
creep. The structural changes at the 
different rates of strain were estimated and 
compared according to the scatter of the 
interference spots and lines. 

To obtain the low rate of strain the normal 
4-ton machine was modified ty supplementing 
the reducing gear already present in the 
machine with a further tw stages of wrm 
reducing-gear, so that the velocity of the 
bottom clamp could be reduced from 1.2 to 6.8 
x 1074 mm/min., i.e. 1765 times. ‘The machine 
was also fitted with special equipment for 
X-ray examination of the strained specimens 
during testing. ‘The equipment, which was 
attached to the pillars of the machine, 
consisted of a soldered X-ray electron tube, 
a collimator and a rotating magazine for 
taking back-reflection photographs. 

Specimens of standard shape, 8.0 mm in 
diameter and with a nominal length prior to 
testing of ten times this figure, were 
annealed in a high vacuum to relieve distor- 
tions produced in the surface layer during 
heat treatment. Once a specimen had been 
put in the machine it was not released from 
load or removed from the machine until the 
end of the experiment. Only at intervals on 
exte@nsion of the specimen at the usual and at 
the reduced rate, the process of strain was 
halted and X-ray photographs were then taken. 
The photographs were taken of a single part 
of the surface in the centre of the specimen, 
surrounded by a lead sheet, at a distance of 
about 70 from the film, using two full 
films, a rotating film and a still film. 
Subsequent treatment of the films was 
carried out under uniform conditions. The 
interference lines on the rotated X-ray 
photographs were measured using a recording 
micro-photometer with a magnification of 5.1, 
in two to four directions. From the micro- 
photographs was measured the width at half 
the maximum intensity of the reflections from 


the systems of (310)-planes (steel) and 
(420)-planes (nickel). 

Figs. 1 and 2 give the variation in the 
half-width of the interference lines in 
No. 40 steel and in nickel, with the 
magnitude of strain, to a total strain of 30 
per cent at the normal and reduced rates of 
testing. ‘They are repres@mted by crosses 
and dots respectively. In all, the half- 
width just about trebles on the X-ray 
photographs of the steel specimens, and just 
about doubles on those of nickel. But the 
half-width at the different rates remains 
the same or, at any rate, is the same within 
the range of scatter of the experimental 
values, the relative error of which reaches 
about 5 per cent. With increase in the 
total strain the background in both series 
of X-ray photographs increases unifomly. 
Measurements of the integral line intensities 
at the various rates again did not reveal 
any difference. 


width mm J 
Elongation, mm 


Fig. 1. Variation in the width of the (310)- 
interference line with strain (dotted curve) and 
curves of the extension of No. 40 steel obtained 
at ordinary (v = 1.2 mm/min) and low (vy =6.8. 
x 10°‘ mm/min) rates of strain. 


Ro 
Elongation, mm 

Fig. 2. Variation in the width of the (420)- 
interference line with strain (dotted curve), and 
curves of the extension of nickel, obtained at 
ordinary ( v = 1.2 mm/min) and low (v =6.8 x 
10-4 mm/min) rates of strain. 


(420)-line width mm 
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The visual method was found to be the most 
sensitive method of estimating the character 
of the interference spots on the X-ray 
photographs obtained without rotating the 
specimen. Figs. 3 and 4 each contain two 
series of X-ray photographs obtained in this 
way at the strains marked on the curves of 
extension portrayed in Figs. 1 and 2. On 
the photographs of the unstrained specimens 
the spots are distinct, and identical in 
character and in number for each pair of 
specimens. On increase in strain a gradual 
scatter is observed both of the specimens 
strained at the ordinary rate and at the 


(a) - (d) X-ray photographs of No. 40 
steel stretched at the ordinary (1.2 mm/min) 
rate; (a’) - (d“) X-ray photographs of specimen 
stretched at the lower (6.8 x 1074 mm/min) rate. 
The photographs were taken at strains corresponding 
to those marked in Fig. 1. 


Fig. 3. 


slower rate. This is seem most 

clearly at strains of from 8 to 10 per cent. 
Thus on photograph (c’) of the steel 
Specimen (Fig. 3) strained at the low rate, 
the interference spots are not scattered 
quite so much as on photograph (c) of the 
specimen strained at the ordinary rate, 

the strain in both cases being about 8 per 
cent. It should be noted that this strain 
was reached in 200 hr in the first case, 
and after about 6 min in the the second case. 
Similarly, the interference spots on the 
photographs (c’) and (d‘) of the nickel 
specimens in Fig. 4, that were stretched at 


Fig. 4. (a) - (d) X-ray photographs of 
nickel stretched at the ordinary (1.2 mm/min) 
rate; (a%) - (d°) X-ray photographs of nickel 
stretched at the lower (6.8 x 1074 mm/min) rate. 
The photographs were taken at strains corresponding 
to those marked in Fig. 2. 
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the low rate of strain to a strain of about 
10 per cent, exhibit slightly less scatter. 
This can be seen more clearly on the films 
themselves than on the reproductions. At 
high degrees of strain the spots are 
completely scattered, and visual estimation 
is not feasible. 

The slight difference noted above on the 
photographs may be due to relaxation ocar- 
ring during deformation of the microscopic 
stresses in the crystalline grains then- 
selves, or to mutual displacement of the 
crystalline grains or their fragments during 
the slow deformation. Since the processes 
mentioned are time-dependent, it is quite 
natural for a slight differmce in the 
scatter of the interfermce spots to be found 
at moderate strains only, i.e. when a 
sufficient number of changes have taken 
place and before the scatter of the inter- 
ference spots is so pronounced as to obscure 
these slight changes. 

Mutual displacement of the crystalline 
grains and their fragments was studied 
earlier and was observed both on plastic 
strain, and on creep and stress relaxation 
[8]. To clarify the position, therefore, a 
microscopical examination was made using the 
scratch method. ‘This method has been used a 
number of times to confirm that grains have 
become mutually displaced [9]. 

Thin scratches perpendiqlar to the 
direction of strain were made on plane 
polished test specimens with a needle that 
had sharpened electrolytically. ‘These 
scratches were photographed through a metal 
microscope before straining and after a 
certain degree of strain (about 10 per cent) 
had been introduced at the normal and at a 
very slow rate. On the microphotographs of 
specimens strained at the slow rate, breaks 
in the scratches were seen more clearly at 
the grain boundaries, and there was also more 
pronounced development of the slip lines. 
These results thus confirmed the earlier 
findings, that the crystalline grains and 
their fragments become mitually displaced on 
plastic strain and that this process is 
noticeably more intense on straining at a 
very slow rate, near that on creep. 

The structural changes, estimated from the 


scatter of the interference lines, in steel 
and nickel specimens strained at the static 
rate and at a very low rate at room 
temperature, are almost identical in 
character. It can be concluded, therefore, 
that in the range of rates of strain inves- 
tigated the structural changes in other 
materials also, such as oopper and other 
carbon steels, are identical. Even at room 
temperature, however, at low rates of strain 
a process of mutual displacement of the 
crystalline grains and of the elements of 
their substructure or a process of “‘viscous” 
flow begins to be discerned. ‘This process is 
evidently more pronounced the lower the rate 
of strain and the higher the test temperature, 
e.g. on creep [1]. ‘he notable difference 
in the strain found in the diagrams in Figs. 
1 and 2 at the same stress, can hardly be 
accounted for entirely by mtual displacement 
of the crystalline grains and the elements 
of their substructure. 


Translatea oy R, Hardbottle 
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MAGNETORESISTIVE PROPERTIES OF 
SUPERLATTICE-FORMING ALLOYS* 


M.D. MOCHALOV 


Institute of Metal Science, 
"rals Branch of Akad. of Sci., U.S.S.R. 


(Received 7 May 1957) 


The majority of physical properties and 
bond forces of metal phases are specified by 
the presence of valency electrons and their 
energy distribution. It is known that the 
number of electrons and their energy distri- 
bution depend on the properties and distri- 
bution of ions composing the crystal lattice 
of an alloy. Every state of the crystal 
lattice of an alloy is characterized by a 
definite relation between its electronic 
structure and distribution of ions. All the 
processes occurring in the crystal lattice 
of an alloy resulting in changes of its 
physical properties are conditioned by 
changes of this relation. In order to get, 
if only a qualitative, idea of the changes 
occurring in the crystal lattice of @™ alloy 
by changes in its physical (macroscopic) 
properties it is necessary to take into 
consideration both the change of electronic 
structure and the change of ion distribution 
in the lattice. 

As this problem is complicated it is 
expedient to begin with the investigation of 
a@ particular case of order- forming binary 
alloy systems (ordered solid solution type 
of structure). Extensive experimental data 
are available in references [1, 2] concerning 
the ion distribution in these alloys, physical 
properties and their relation to the degree 
of order. For a qualitative description of 
the electronic state of the alloys and its 
changes it is sufficient, as a rough approxi- 
mation, to examine certain physical quantities 
connected with the mechanism of electric 
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specific 
The 


current conduction, for example, 
resistance p and Hall’s constant R. 
investigation of these quantities in 
relation to the degree of order and conce@- 
tration of superlattice- forming binary 
alloys gives an idea of changes of the 
number of current-carriers and the 6 
proportion of the numbers of current- 
carriers of different signs. For solving 
this problem it is of principal importance 
to know the physical meaning of the linear 
relationship between R and p established in 
the investigation of these quantities [3, 4] 
in relation to the degree of order for the 
ordered solid solutions: 15 at.% Pd - 85 
at.% Cu; 25 at.% Pd —- 75 at.% Cu; 25 at.% 
Au - 75 at.% Qu. 
The linear relationship hetween these 
quantities indicates that the mechanism of 
changes in R and p in the process of atomic 
rearrangement, that is in changes of ion 
distribution, are similar. The present 
science of metals aoes not provide grounds 
for explaining the existence of this linear 
relationship between P and R in the process 
of forming ordered solid solution. The 
electric resistance is determined hy the 
number of current-carriers and their 
incoherent scattering in deviations from 
the lattice perfection of the alloy. The 
explanation of the anomalous sign of Hall’s 
constant is based only on the zonal 
repres@tation and its value defined by the 
concentration and proportion of the current- 
carriers of different signs. For this 
reason it is of interest to examine in 
detail the relation between R and p for the 
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copper-palladium system of the AB, type 
(based on copper). Such an investigation 
will render it possible to establish 
principles governing the changes of this 
relationship according to various amounts of 
surplus atoms of copper in comparison with 
the stoichiometric contmt of them and to 
determine some factors of the mechanism 
resulting in the occurrence of the linear 
relation between Ff and p in the process of 
forming ordered solid solution. 


EXPERIMENT 


The investigated alloys were made of 
copper supplied by the Kalbaum firm and pure 
palladium, smelting of the alloys, their 
homogenizing intermediate annealing in 
rolling the castings and annealing of the 
specimens at various temperatures for 
obtaining various degrees of order were 
carried out in a vacuum of 1075 mm of Hg. 
Alloys of the following compositions were 
investigated 14.5 at.% Pd - 85.5 at % Cu; 
15.5 at.% Pd. -— 84.5 at.% Cu; 16 at.% Pd - 
84 at.% Cu; 16.5 at.% Pd — 83.6 at % GW; 
17.5 at.% Pd - 82.5 at.% Cu. 

The castings of the alloys were homogenized 
at 1000°C for 10 hr. Rolling of the castings 
into strips of 0. 2mm thick was carried out 
with intermediate annealing for 1 hr at a 
temperature of 800°C and subsequ@mtly 
quenched in water. Hall’s constant R was 
measured hy the usual compensation method 
with an accuracy of up to 6 per cent. The 
accuracy of measuring electric resistance by 
Thomson’ s bridge was 0.9 per cent. Both 
kinds of measurenents after thermal treatment 
and quenching the specimens in water were 
carried out on Hall’ specimens at room 
temperature. Alloys of various degrees of 
order were obtained by annealing for one to 
2% hr at constant temperatures which differed 
from one annealing to the next. 

The specimens were annealed in fumaces 
with a resistance thermometer as an am of 
the bridge circuit and a vacuum photocell in 
the grid circuit of a thyratron temperature 
control device. This device rendered it 
possible to maintain a constant temperature 


with an accuracy of + 1°C. Quantities R 
and p were measured both in increasing and 
decreasing degrees of order in the alloys. 
The values R and p obtained in both cases 
fitted, within the errors, the curves given 
in Fig. 1. 
R107 
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Fig. 1. A and pas a function of the 
annealing temperature of an alloy 14.5 at.% Pd; 
85.5 at.% Cu. 
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Fig. 2. R and pas a function of the 
composition for random and ordered states of 


alloys. 


The degrees of order in the alloys 
were not directly determined. The specific 
resistance of an alloy served as the 
criterion of its degree of order [5]. 

As a result of the measurements, Hall’ s 
constant R and resistivity P were obtained 
as functions of the annealing temperature. 
In Fig. 1 curves are give@ showing the 
dependence of these quantities on the 
annealing temperature of the alloy richest 
in Qu (14.5 at.% Pd; 85.5 at.% Cu). These 
relations for the alloys of other , 
compositions are similar in character and 
only differ in quantitative characteristics. 
Experimental data of Sidorov [3,4] for 
alloys of copper palladium systems were 
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used in this work, although these alloys 
had not been brought by the author quoted 
to the state of ordered solid solutions. 
In Fig. 2 curves illustrating the changes 
of R and p with the composition of alloys 
are given for ordered and random structures 
of the alloys. The following rules can be 
deducted from the curves in Fig. 2 
conceming the change of R and p with the 
growing content of Cu in disordered and 
ordered states of alloys: 

1. Values of R decrease for both states of 
alloys. 

2. The range of changes in P extends in 
passing from one state of alloys to the 
other. 

3. Values of p for the alloys in a dis- 
ordered state decrease and for their 
ordered state increase. 

4. The range of changes in pP narrows in 
the transformation of alluys from one state 
to the other. 

In Fig. 3 the curves are given showing the 
relation between R and p in the process of 
ordered rearrangement for the alloys with 
the lowest and the highest content of copper 
among the compositions ivestigated and for 
the alloy with 75 at.% of copper. Similar 
curves for alloys of intermediate 
compositions have the same character, they 
are not, therefore, shown in the diagram. 

Fxamination of the curves in Fig. 3 shows 
that the character of dependence between R 
and p changes with the content of Cu in the 
alloys. The curves differ in the angle of 
slope and in the curvature of their individual 
sections. In Fig. 3 curves are given showing 
the relation between R and p for the ordered 
(a) and disordered (b) states of alloys. If 
the relation between values of R and p in 
the process of rearrangement show a similarity 
of mechanisms of changes, a similar relation- 
Ship should then also exist between the 
changes of R andp, that is in AR, and 
A py 

AR,=R: —R;; Ap, = ps — Py 
where R and P. are the values of R and 
p for the disordered state of alloys, R, 


and p, are the values for the various 
degrees of order of the alloys. 
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Fig. 3. R and p as a function of the degree of 
order for alloys of different composition 
I.-14.5 at.% Pd, 85.5 at.% Cu; II -— 17.5 at.% 
Pd. 82.5 at.% Cu; III — 25.0 at.% Pd, 75.0 
at.% Cu; (a) - ordered state of alloys; 
(b) -— disordered state of alloys. 


Curves showing the relation between A R ¢ 
and A p, (Fig. 4) have been constructed 
and analysed in order to specify the 
character of changes in the relation 
between R and p in the process of rearrange- 
ment and the dependence of this rearrange- 
ment on temperature for alloys of various 
composition. (Comparing the curves in Fig. 4 
leads to the following conclusions: 

1. In the initial stages of the atomic 
arrangement of the alloys the variation of 
A R, with A p, has a linear character. 

2. In the process of further arrangement 
of alloys the linear relation between AR, 


and A p, is disturbed. 
3. The deviation of this dependence from 


linear is in the same direction for alloys 
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of all compositions. 

4. The greater the content of copper in 
the alloy the greater is the deviation of 
the dependence between 2\ R, and A p, from 
linear and the earlier is the stage of 
arrangement at which it begins. 

5. The angle of slope of the curves to the 
abscissa-axis increases regularly with the 
content of copper in the alloys. 

6. The dependence of AR, and A p, on 
the composition and the annealing temperature 
of an alloy indicates that in the process of 
arrangement the largest changes of these 
quantities take place for the alloy composed 
of 17.5 at.% Pd and 85.5 at.% Cu. 


1000 


10° 


Fig. 4. Relation between AR, and Ap, as a 
function of the degree of order for alloys of 
various composition. 

1. —- 14 5 at.% Pd, 85.5 at.% Cu; 


2. - 16.0 at.% 
Pd. 84.0 at.% Cu; 3. - 17.5 at.% Pd, 82.5 at.% 
Cu; 4. - 25.0 at.% Pd, 75.0 at.% Cu. I — 500°; 
II - 480°, III - 400°, Iv - 440°, V - 420°, 

VI - 400°, VII - 380°, VIII - 360°, IX - 340°, 

X - 320°, XI - 300°, XII —- 240°. 


DISCUSSION OF RESULT 


Experiments described by various writers 
{6,7] investigating alloys of the copper- 
palladium AB, type have established that the 
temperature at which the atomic arrangement 
begins decreases smoothly with increase of 
copper content. It is show in this paper 
that the dependence of R and p on the 
annealing temperature of the composition of 
the alloys are also of a smooth character. 
Moreover, it is established that the 
dependence of the relation between AR, and 
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A p, (consequently between Rf and p as 
well) on the composition and annealing 
temperature displays the largest changes of 
these quantities for the alloy consisting 
of 17.5 at.% Pd and 82.5 at.% Cu. The 
result obtained is in a good agreement with 
the data of Borelins, Iohansson and Linde 
who investigated radiographically alloys of 
the PdCu, type and showed that the alloys 
containing about 17 at.% Pd display the 
most pronounced superlattice structure. 
Consequently the regular character of 
changes of Hall’ s constant R and resistivity 
pin the process of the ordered arrangement 
of alloys of various compositions is 
defined by the transformation of their 
lattice i.e. by the mechanism of atomic 
rearrangement. It seems possible, therefore, 
to get idea of the electronic state of the 
crystal lattices of alloys on the grounds of 
physical interpretation of the quantities R 
and p and a notion on the disordered and 
ordered states of the alloys. 

On examining the curves in Fig. 2 the 
regularities have been established in the 
variation of R and p in the process of 
ordered arrangement of alloys of various 
compositions. Let us follow the variation 
of these quantities with composition for 
disordered and ordered states of the alloys. 

A superlattice type of alloy in a 
disordered state should be regarded as a 
common substitutional solid solution, that 
is, as a homogeneous system. Within the 
limits of elementary theory the variation of 
values of R and p with the content of copper 
in the alloys must obey the law of inverse 
proportion to n (where n is the number of 
electrons per unit volume of the alloy), 
that is, to decrease, which is just what 
takes place. For the ordered state of the 
same alloys the correspondence between the 
values of R, p and n does not hold because 
with the rising content of copper in the 
alloys p increases and RA undergoes greater 
changes. 

By definition the sign of Hall’s constant 
R coincides with the sign of the current 
carriers. For alloys in the ordered state 
rich in copper R has an anomalous sign, it 
must, therefore, be assumed that the 
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decrease of R with increasing contemt of 
copper is conditioned by the rise in the 
concentration of current - carriers of both 
signs, with the positive current- carriers 
prevailing. 

In a general case the resistivity pis 
inversely proportional to the concentration 
of current-carriers of both signs and is 
specified by their incoherent scattering in 
deviations from the lattice pitch. Conse- 
quently, the increase of p for the alloys 
with content of copper in the ordered state 
can only be explained as the effect of 
incoherent scattering. Alloys of different 
degrees of order and different content of 
copper are heterogeneous systems. It may be 
assumed, therefore, that the increase of the 
effect of incoherent scattering in the case 
in question is the result of increasing 
numbers of nuclei of scattering. 

The curves in Figs. 4 and 5 render it 
possible to establish a difference in kinetics 
of changes in values of R and pin relation 
to the composition and annealing temperature 
of alloys. From inspection of these curves 
it follows: 

1. The angle of slope a of the curves 
relating changes of R and p in the process of 
ordered arrangement of alloys increases with 
the amount of copper in the alloy. 

2. The changes of R and p in the process of 
arrangement assume the greatest values in the 
initial stage of the process and decrease 
with further development of order, that is, 
with fading of the process. Oonsequently in 
enriching the alloys with copper, that is, 
with a raised amount of surplus atoms of 
copper in comparison with the stoichiometric 
content (AB), the changes of R in the 
process of arrangement are greater than the 
changes of p. 

As mentioned above, the change of R with 
increased content of copper in an alloy may 
be explained by the dependence of this 
quantity on the concentration of conduction 
electrons only for alloys of random structure. 
For alloys of ordered structure, however, 
there is no simple explanation of this 
dependence. We shall try to establish a 
relationship betwe@m the changes md some 
details of the mechanism of atomic arrange- 


ment. In the ideal case of arrangement in 
an alloy of stoichiometric composition 

the whole volume of the alloy has an 
ordered distribution of atoms at the 
corners of its lattice. The changes of R 
and p observed in the process of arrange- 
ment are conditioned by the changes of 
electronic structure of the lattice created 
by the atomic rearrangement. Whereas in 
the arrangement of alloys of non stoichio- 
metric composition separate regions with 
broken stoichiometric proportion occur in 
the ordered volume of the alloy. In our 
case such regions are specified by atoms 
of palladium in arranged distribution 
being substituted hy atoms of copper. Such 
a substitution also leads to a change of 
electronic structure of the lattice of 
these regions and their close surroundings. 
Consequently, the value of R in the arrange- 
mént of non-stoichiometric alloys may be 
considered as consisting of two items 
arising from the arrangement of regions with 
stoichiometric and non- stoichiometric 
compositions. With increased deviation of 
the composition from the stoichiometric 
proportion the effect of regions with non- 
stoichiometric proportion of components 
increases. In the work reported alloys of 
non- stoichiometric composition containing 
from 82.5 to 85.5 at.% of copper were 
investigated. 
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Fig. 5. Angle of slope @ of linear relation 
between A R, and A p, as a function of the 
composition of an alloy. 


By comparing values of R for alloys of 
investigated compositions in ordered and 
random state the effect of arrangement on 
the value of R as a function of content of 
copper can be determined. The curves in 
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Fig. 2 representing R in relation to the 
composition in ordered and disordered states 
of alloys render it possible to determine 
graphically relative changes of R in the 
investigated range of compositions in both 
states of the alloys. From simple construc- 
tion it follows that the relative change of 
R for the ordered state (A C segment) is 
approximately three times greater than that 
for the random state (A B segment) of alloys 
of the same range of compositions. In 
accordance with the elementary theory of the 
Hall effect it has to be assumed that the 
relative change of R for alloys in the 
random state can be described hy the relative 
change in concentration of current-carriers: 
A nen, - n, where n, and n, are the 
concentrations of current-carriers in the 
alloys containing 82.5 and 85.5 at.% of 
copper respectively. 

According to the graph in Fig. 2 the 
relative change of & for the same alloys but 
in the ordered state should be described by 
the relative change in concentratim of 
current-carriers equal to An+2An= 
3An, where An is the relative change in 
concentration of current-carriers in the 
alloys of the investigated range of compo- 
sitions, 2\n is the relative change in 
their concentration caused by ordered 
arrangement of the same alloys. 

By a Similar procedure we compare changes 
in resistivity of alloys of the same range 
of composition in random and ordered states. 
The curves in Fig. 2 show that p in the 
random state of the alloys decreases and in 
the ordered state slightly increases with 
the content of copper. In the mechanism of 
electric current conduction all the current- 
carriers take part independently of their 
sigs. Consequently, in our case p should 
decrease with raised content of copper in 
the alloys by a value corresponding to the 
increased number of current-carriers (3 An). 
In fact the values of p even increase slightly 
with the raised content of copper in the 
ordered state of the alloys. The result 
obtained may be explained by assuming that 
simultaneously with positive curr et-carriers 
the nuclei of incoheret scattering occur in 
the process of arrangement of the alloys in 


numbers slightly more than sufficient for 
compensating the decrease of p created by 
increased numbers of current-carriers. 

From the above stated it follows that 
the redistribution of ions in comer 
positions of the lattice in the process of 
its rearrangement leads to the simultaneous 
occurrence of positive current-carriers and 
nuclei of incoherent scattering in a 
definite quantitative proportion. 

For alloys of different composition this 
proportion is different, as shown by the 
change of slope with the composition. For 
every given composition this proportion is 
constant in the initial state of atomic 
rearrangement which just results in the 
linear relationship between R and Pp in the 
process of arrangement. Breaking of this 
linear relation between R and p for high 
degrees of order may be regarded as due to 
the interaction between ordered regions. 

In the initial stage of rearrangement these 
regions are small and in general are 
regularly distributed over the whole 
disordered volume of the lattice and the 
elementary act of lattice transformation 
from a random to an ordered state develops 
in a@ more smooth manner. 


CON CLUSION 


1. The transformation from a random to an 
ordered state of copper palladium alloys 
with raised content of copper is accompanied 
by an increase in the range of changes for 
R and a decrease of that for p. 

2. The highest rate of changes in R and p 

during the process of ordered rearrangement 
is found in alloys in which the superlattice 
structure is most strongly revealed. 

3. Changes of R and p during ordered 
rearrangement cannot be explained on the 
grounds of the elementary theory of metals 
concerning the relation between A and p. 

4. The change of ion distribution in the 
crystal lattice of an alloy in the process 
of ordered rearrangement is associated with 
(a) the increase of positive current- carriers; 
(b) the increase of nuclei of incoherent 
scattering of current-carriers. 
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5. Linear relationship between R and p in 
the process of arrangement of an alloy is 
determined hy the constant proportion of the 
number of positive current-carriers to the 
number of nuclei of incoherent scattering of 
the carriers, occurring during the process 
of arrangement. 

6. The above mentioned proportion varies 
with the composition of the alloy undergoing 
atomic rearrangement. 

7. The break of the linear relation 
between R and p for high degrees of order 
is due to the interaction between ordered 


regions. 
Translatea by B Cynk 
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The study of metals in the cast state is 
of appreciable scientific and practical 
importance. In recent years the determina- 
tion of microhardness has beam one of the 
widely used methods of investigating metals 
and alloys. By means of this method 
investigators have found it possible to 
estimate the dendrite inhomogeneity of 
individual grains [1]; in the study of 


microhardness the concept of the second 
order heterogeneity has originated [7]; 
the possibility has occurred of the study 


of individual phases in alloys directly. 
Glazov, Korol’ kov and Chist’ yakov [2, 3) 
have determined the solubility of some 
elements in alloys by the study of micro- 
hardness. The scope of problems, therefore 
solvable by investigating the microhardness 
is quite extensive. 

When investigating the ductility and its 
change in passing from metastable to stable 
alloys we carried out a detailed study of 
microhardness of zinc-base and tin-base 
alloys. Experiments were carried out with 
the alloys: Mm - Al; Zn - Cu, & - Sb, 

& - Pb, & - Z and Cu - Ni also. 

The dendrite inhomogmeity of cast and 
homogenized specimens was investigated, the 
change of microhardness with increase of 
alloying element in alloys; the possibility 
of determining the homogeneity of cast 
alloys and consequently, the estimation of 
the degree of their metastable equilibrium 
were experimentally tested. 

Microsections for investigations were 
prepared in the usual way. The following 
etching reagents were used: 5 per cent 
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alcohol solution of HC1 for the zinc-base 
alloys; amixture of HNO, (50 per cent 
concentration) + 50 per cent glacial 

CH H for the Cu-Ni, a mixture of 1 part 
of HNO, + 1 part of cH, COOH + 8 parts of 
glycerine for & - Pb and Sn - Zn alloys, 
a very weak solution of HNO, in alcohol 
for the Sn - Sb alloys. 

The microhardness was measured by the 
PMT - 3 instrument with a load of 20 g for 
Cu-Ni, 10 g for zinc-base alloys and 5 g 
for tin-base alloys. The investigations 
were carried out directly after etching. 
About 200 impressions were made on every 
microsection. The recurrence curves were 
plotted using the results of measurements 
and in the further work the maximum, the 
minimum and the most recurrent values of the 
microhardness were used. 

The spread of microhardness (that is 
Hy max74y pin) Was taken as a measure of 
the dendrite inhomogeneity. The data are 
given in Table 1. In analysing these data 
it must be taken into consideration that 
the copper-nickel alloys contained some 
amount of carbon. The following desig- 
nations are used in the table: AH. is the 
the spread of microhardness of alloys as 
cast; AH, is that in homogenized and 
hardened state at the homogenizing tempera- 
ture; AH, is the spread in the annealed 
state. 

As can be seen from the table, the 
dentrite inhomogeneity is increasing with 
the content of alloying element up to a 
certain limit above which it remains 
constant or slightly increasing. 

Petrov and Raykovskaia [1] give considera- 
tions on the change of microhardness of 
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TABLE 


1 


Content 
of second 


Spread of microhardness 


Decrease 
of 


component, As cast 


As hardened] As annealed spread 


0.5 
1.0 
2.0 
3.0 
20.0 
38.1 


0.5 
1.0 
2.0 
3.0 
9.0 


0.5 
1.0 
2.0 
3.0 
9.0 
10.0 


cast eutectic alloy systems with limited 

solubility. According to their data the 

curve of maximum values of microhardness 

should have a discontinuity in transition 
from the one-phase to the two-phase state; 
the curve of minimum values has no dis- 


continuities because the composition of the 
least-alloyed sections of the grain and 
consequently the microhardness varies 
according to a smooth curve. Values of 
minimum microhardness increase with the 
concentration of the second component and 
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0.15 2 15 15 
0.25 25 2 80 | 
— 0.5 30 25 66 
1.5 30 25 85 
5.0 30 25 66 
5.5 35 
0.2 25 
ae 1.0 80 
2.0 80 
3.0 90 
VOL. 
10 30 66 ‘4 
30 50 80 195€ 
Cu - Ni 50 60 84 
70 40 
90 40 
3 65 
5 80 
- Pb 6 65 
6 66 
6 66 
4 50 
6 4 65 
7 4 55 
Sn - Zn 1 6 55 
7 6 55 
7 6 70 
5 80 
5 80 
- Sb $5 
7 55 
8 60 
8 60 
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should coincide with the maximum micro- 
hardness at the eutectic point. This, 
however, may only occur when the micro- 
hardness of the eutectic is constant. 
Meanwhile a considerable spread of micro- 
hardness should be observed in the crude 
structure of the eutectic, evidently due to 
its complex constitution (a mixture of two 
phases). 

The cast alloys were subjected to homo- 
genization under the following conditions: 
zinc-base alloys at a temperature of 360 + 
10°C for 250 hr; lead-base alloys at a 
temperature of 160°C for 100 hr. In 
addition the M-Al, Zn-Cu and Cu-Ni alloy 
systems were about 50 per cent deformed and 
then annealed (annealing temperature of 
zinc alloys was 270°, copper-nickel alloys 
880°, annealing time 8 hr). 

In homogenization of Zn-Al alloy systems 
appreciable grain growth was found, in some 
cases specimens of monocrystal sections were 
obtained; microsections were prepared from 
them and microhardness determined. The 
spread of the latter happened to be of the 
same order as that for the polycrystal 
homogenized specimens. 


0210 20 3.0 

Fig. 1. Variation of microhardness in certain 
2n-Cu alloys as cast. 


Huma 


90 

Fig. 2. Variation of microhardness in certain 
Sn-Zn alloys as cast. 


The specimens subjected to deformation 
and annealing displayed microhardness of 
the same order as those just homogenized, 
that is the effect of homogeization tumed 
out to be the same as that of deformation 
with annealing. 

The inhomogeneity of grains in real 
alloys cannot therefore be eliminated 
either by deformation with annealing or by 
homogenization; in a number of systems the 
higher the alloy-system the higher is its 
residual inhomogeneity. 

Glazov, Korol’kov and Chistyakov (2, 3] 
have found, when investigating alloys of 
equilibrium concentration, that the micro- 
hardness-constitution curve undergoes a 
discontinuity at the point of saturation 
of the solid solution and remains constant 
along a certain range of concentrations, 
that is, the curve form a ‘‘terrace’’. Our 
investigations have shown that this kind of 
phenomenon is also characteristic for cast 
alloys. In this case both curves for 
minimum and maximum values of microhardness 
display a “terrace”. In the Cu-Ni -Ni 
system a continuous series of alloys no 
“‘terrace’’ has been detected as should be 
expected. The homogeneity of experimental 
alloys has been determined by the point of 
discontinuity of the curve of the maximum 
value of microhardness (that is at the 
moment of occurrence of the second phase, 
Figs. 1 and 2). The data on the homogeneity 
of alloys obtained by the microhardness 
method were checked up by microscopic 
analysis. The results of experiments are 
given in Tables 2 and 3. The comparison of 
these data indicates that figures obtained 
by the microhardness method coincide with 
the results ofmicroscopicanalysis. The 
microhardness method, therefore, may 
successfully be used for determining the 
homogeneity of alloys. 

The data obtained in the investigations of 
microhardness was used by us as the 
criterion of the hardening effect of the 
second component in the cast and homogenized 
state. (Table 4). 

The hardening effect of the components was 
estimated by the value of microhardness which 


corresponded to the saturated state of the 
solid solution, that is the data correspon- 
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TABLE 2 


System Constitution Solubility, % 


As cast 
Hardened at 360° <0.5 
4nnealed at 250° 


As cast 
Hardened 360° 
Annealed 250° 


As cast 
Hardened 160° 
Annealed 170° 


As cast 
Hardened 160° 
Annealed 170° 


As cast 
Hardened 160° 
Anneal ed 170° 


TABLE 3 


Content at 
‘joes component, Characteristic of structure 
% 


0.15 One-phase (alloy) 
0. 25 Precipitation of second phase and 
grain boundaries 

Hardened " 
constitution 
Eutectic 
Hypereutectic alloy 


Z Cu One-phase 


Cast Second-phase 


constitution 


& - Pb One-phase 
. Second phase on grain boundaries 
Cast and homo- o " " 


gerized constituti 
Globular precipitation of second phase 


Eutectic 
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TABLE 3 continued 


Content at 
second component, Characteristic of structure 
% 
Sn - Zn 0.5 Second phase in small amount 
1.0 Precipitation of second phase on grain 
Cast boundaries 
constitution 2.0 " " 
3.0 " " 
9.0 Butectic and primary Zn crystals 
& - Zn 0.5 One-phase 
1.0 zs 
Hardened 
conatitutio: 2.0 Precipitation of second phase 
0 " 
9.0 Eutectic 
gm - Sb 0.5 One-phase 
OL. 1.0 


6 Cast and homo- 2.0 Precipitation of second phase 
genized 3.0 

constitution 9.0 

10.0 


ing to the saturated state of the solid copper harden zince alloys equally, the 
solution, that is the data corresponding to microhardness increasing from 50 kg/mm? 
the ‘‘terrace’’ of microhardness were taken. for Zu up to 80 kg/mm? for these alloys. 

As is evident from Table 4, aluminium and Tin is hardened differently by different 


TABLE 4 


Content of 
second Hardened 
component H, h 


Deformed by 50% 
before annealing 


Deformed by 50% 
and annealed 


113 
gysten | | Annealed Remarks 
Aya 
0.15 65 75 65 ; 
0. 25 15 85 70 
Zn — Al 0.5 80 90 80 
1.5 90 90 80 
5.0 100 100 85 
5.5 105 - - 
0.2 60 65 60 
Cu 1.6 80 85 15 
2.0 80 85 75 
3.0 95 95 85 
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TABLE 4 continued 


Content of 
second Cast Hardened Annealed 
component % 
80 - 710 Deformed by 50% 
10 120 - 90 and annealed 
cu - Ni 30 180 - 100 
50 200 - 120 
70 190 
90 170 
15 - - 
0.5 17 21 16 
1.0 18 23 17 
sn - Pb 2.0 19 25 18 
3.0 19 25 18 
20.0 18 23 17 


38.1 


1.0 24 

2.0 24 
3.0 25 
9.0 


0.5 
1.0 
2.0 
3.0 
9.0 
10.0 


& - Sb 


22 
27 


27 


admixtures used: lead raises the micro- 
hardness from 15 to 19 kg/mm’, zinc to 
24 kg/mm2, antimony to 29 keg/m?. 

At the same time it has become clear 
that the determination of microhardness 
permits to judge with a certain degree 
of accuracy if the experimental alloys 
conform to the chemical composition 
assigned. Thus, copper got accidentally 
into one of the alloys investigated and the 
change of microhardness revealed that its 
value did not fit into the regularity 
disclosed. Inadequate constitution of this 
alloy was established by a chemical method. 

The microhardness of regions adjoining the 
boundaries of a grain is usually regarded as 
raised [5,6]. In the investigation of 
copper-nickel alloys (based on copper) it 


was found that the peripheral regions of 
grains were less hard than the central 
In the case in question this is 
explained by the impoverishment of the 
peripheral regions of a grain by the 


ones. 


alloying element. 


CONCLUSIONS 


1. Investigation of the microhardness 
of a series of cast alloys renders it 
possible to determine their homogeneity in 
the cast state (or to disclose the 


existence of the second phase). 


'2. Inhomogeneity of the cast grain in 
zinc and tin alloys cannot be fully 
eliminated either by long-lasting homoge- 
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nization or by plastic processing with 
annealing. 

3. During a long homogenization of zinc 
base alloys an appreciable growth of grains 
is observed up to obtaining in cross- 
section monocrystal specimens 5-8 mm in 
diameter. 

4. The microhardness method may be used 
for checking with a certain degree of 
approximation the congruence of a series of 
experimental alloys and the chemical 


composition assigned. 
Translated by B, Cynk 
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Lately, the amount of information 
available about the properties of substances 
under high pressure has considerably 
increased [1 - 3]. New, extremely strong 
materials have become available to 
investigators, from which it has bem 
possible to create apparatus capable of 
producing very high pressures (first of 
all -— high strength steel having a 
temporary resistance of 210 kg/mm? and an 
elongation of 8 per cent [4], then power- 
metallurgical hard alloys). 

An apparatus has been described in the 
literature, which was used in separate 
investigations [4 - 9]; however, there 
are no indications as to the physical and 
mechanical properties of powder metal- 
lurgical hard alloys and the strength of 
the vessels made from them —- piezometers. 
This makes the construction of super-high 
pressure apparatus very difficult, as it 
is desirable, for the creation of the latter, 
to use optimum conditions and to know the 
ultimate stresses which its individual units 
and parts can withstand. 

The object of the present work is to 
collect separate literature data regarding 
the essential mechanical and physical 
properties of powder metallurgical hard 
alloys, to estimate the permissible 
pressures in piezometers, to sum up the 
experience at the disposal of the labora- 
tory in the manufacture and working of 
separate units and parts made from the 
above materials, and assess its suitability 
for the work of a super-high pressure 
apparatus. 


* Fiz. metal. metalloved., 6 (5), 893-899 1958. 
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IN 


One of the basic methods used in compres- 
sing of materials to a super high-pressure 
is compression in a thick-walled cylinder - 
the piezometer — with the aid of two well 
fitting pistons. The latter have 
appropriate reinforcements, which exclude 
loss of compressed material into the gap 
between the cylinder and piston. In such 
a piston piezometer the cylinder experia- 
ces tensional stresses when a high pressure 
develops in the material, whereas the 
pistons suffer axial compression. The 
stronger the material from which the 
piezometer is made, the greater the 
pressure which can be built up in it and 
measured. 

Thus, in steel piezometers made entirely 
of best steel, it is possible to attain 
pressures of up to 30,000 kg/cm”. In 
order to attain higher pressures, materials 
stronger than steel are required, — powder 
metallurgical hard alloys of tungsten 
carbide with cobalt (pobedite in SSSR, 
Carboloy in U.S.A.). These alloys are 
extremely hard, but they are very brittle. 
Therefore, for the successful solution of 
the problem and for a rational application, 
it is essential for an appropriate type of 
alloy to be selected and for their physical 
and mechanical properties to be known. 

In fact, how is it possible to construct 
an apparatus capable of producing pressures 
of several tens of thousand atmospheres, if 
such properties of the material as hardness, 
strength in compression, Young’s modulus, 
Poisson ratio, compressibility and the 
coefficients of thermal expansion and heat 
conductivity are unknown? Disconnected 
data, available from existing literature, 
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about the indicated properties of powder 
metallurgical hard alloys are given below, 
From the diagrams it can be seen that the 
results obtained by various authors do not 
markedly differ from each other. 

At first sight it appears that the 
greater the hardness of the alloy the 
greater the pressures which the piezometer 
is capable of withstanding. However, the 
brittleness of the material in this case 
should not be forgotten. In Fig. 1 the 
relationship between strength in compression 
o and hardness Hp, for tungsten carbide 
alloys containing cobalt is given. As the 
hardness increases, the compressional 
strength initially steeply rises. However, 
when a certain optimum at a hardness of 
90 - 93 Hp, is reached, the compression 


strength of the alloy decreases very sharply. 


This is due to the fact that at an Hp, of 
92 - 94 the alloy has already very 1iftle 
plasticity, and, it appears, even small 
inhomogeneities in the application of the 
load bring about a very high local stress 
concentration, which leads to the failure of 
the material gat relatively small loads or 
medium cross-sectional loads. 


80828486 88 90 $4 
Hardness Hp A 
Fig. 1. Relationship between strength in 
compression and hardness for alloys of tungsten 
carbide with cobalt. o - results [12]. x - 
results of work [13]. 


In Fig. 2 the dependence of the compres- 
sion strength, o, expressed in kg/mm’, on 
the percentage cobalt in various tungsten 


carbide alloys is given. Disagreement 
between results of different investigators 
is small. The compression strength of 
alloys, containing a given percentage of 
cobalt and manufactured in different 
countries, is approximately equal. As the 
percentage cobalt in the alloy decreases, 


it at first increases, passes through a 
maximum at 4.5 per cent cobalt, reaching a 
a of about 60,000 kg/cm”, and then sharply 
decreases. This occurs, it appears, 
because when the percentage of cobalt 
decreases below a certain value the alloy 
becomes too brittle, as cobalt, as is 
known, in solid solutions acts as a binder 
of tungsten carbide grains. Also, in this 
diagram the dotted curve, constructed 
according to data by Brams [13] shows the 
dependence of the limit of proportionality 
in compressiong.. As can be seen from 
the curve, the proportion of limit of 
proportionality o, to ultimate strength in 
compression, @,, is about 0.8. However, 
according to data by Lardner and McGregor 
[14], stress in tungsten carbide alloys 
containing 6 and 11 per cat cobalt is 
directly proportional to deformation up to 
fracture (i.e. o, = 

With the aid of the curves referred to it 
is possible for the most suitable type of 
powder metallurgical hard alloy to be 
selected in relation to the purpose which 
the appropriate apparatus has to fulfil. 

o ke/mm? 

700 
600 


500 
= 


4 6 810 12 16 18 20222426 

cobalt content, % 

Fig. 2. Relationship between strength in 
compression and cobalt content in the tungsten 
carbide alloy. o- Results 11; e - results 
[12]; O- results [13]; xX - results of our 
laboratory. Dotted curve: relationship between 
limit of proportionality in compression op, and 
%Co according to work [13]. 


Apart from the above considerations, 
Young’ s modulus must be known for calcula- 
tions of the mechanical strength of the 
apparatus. In Fig. 3 the dependence of 
Young’ s modulus on the percentage cobalt 
in a tungsten carbide alloy is given 
according to results obtained by various 
investigators. As can be seen from the 
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diagram, Young’ s modulus decreases as the 
percentage cobalt in the alloy increases. 
But for calculating the elastic deformations 
of the corresponding parts of an apparatus, 
made from powder metallurgical hard alloys 
and working under a heavy pressure, Poisson’s 
ratio must be known. The relationship 
between Poisson’s ratio and cobalt content 
in a tungsten alloy, as measured hy Lardner 
and McGregor [14], is shown in Fig. 4. The 
ratio indicated will increase if the cobalt 
content in the alloy is increased. 


T 


¢ okg 
‘ ! 
! 
6 
7 


Co, Yo 
Fig. 3. Relationship between Young’s modulus and 
cobalt content in a tungsten carbide alloy. 
o - results fil]; 0 - results [12]; [[] - results 


[13]. From these results curve 1 is derived. 
Curve 2 is constructed from results [14]. 
xX ti 
0.25 
10 20 


cobalt content, % 


Fig. 4. Relationship between Poisson’s ratio X 
and cobalt content in a tungsten carbide alloy, 
according to Lardner and McGregor’s data [14]. 


It should be pointed out that powder 
metallurgical hard alloys, being very strong, 
have an extremely low compressibility. Thus, 
according to Bridgman [15], the carboloy No. 
999* has a volume compression coefficient, 
ly SY of 2.46 x 10-7. This make of 
AP 
carboloy, containing a very small quantity 
of binder and being extremely hard, was used 
by him for pistons, 
of up to 100,000 kg/cm”. The carboloy No. 
905, the next one in hardness after No. 999, 
containing somewhat more binder, has a vo] ume 


* Bridgman does not report the composition 
of this carboloy. 
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when he obtained pressures 


compression coefficient of 2.54 x 10°’. 


Thus, the cobalt-containing tungsten carbide 
alloys referred to have a compressibility 
which is 2.3 times less than that of iron 
[13]. Bridgman measured Young’s modulus E 
and Poisson’s ratio X [4] for carboloy No. 
905: E=6.95 x 10° kg/cm2, X = 0. 267; and 
for carboloy No. 883, having a bigger 
elongation, E = 6.45 X 105 kg/em?, = 
0.359. The author points out that carboloy 
pistons under atmospheric pressure are 
capable of withstanding stresses of up to 
65,000 [4] to 70,000 kg/cm? [17]. Owing to 
brittle fracture of the pistons, further 
increases in stress in the piston, and 
hence pressure in the piezometer, cannot 

be obtained. The subove pressures would be 
limiting ones in the absence of an increase 
in strength effect of superhard alloys 
under the influence of high pressure [19]. 
This effect is due to the fact that the 
plasticity of hard, brittle substances 
sharply increases under the action of an 
extremely great hydrostatic pressure, as a 
result of which those parts of the piezo- 
meter which are made from a tungsten 
carbide-cobalt alloy are capable of 
resisting, under hydrostatic pressure, 
considerably greater stresses without 
brittle fracture. Thus, Bridgman was able 
to compress carboloy pistons at a hydro- 
static pressure of 30,000 kg/cm?, It was 
also possible to attain a compression stress 
of up to 14,000 kg/cm? along the piston 
axis. At this, the plastic deformation was 
so considerable that the use of carboloy for 
piezometer pistons under these conditions 
proved to be impossible. As a rule, the 
author did not load the piezometer pistons 
at above 105,000 - 110,000 kg/cm*. At such 
stresses the total plastic shortening of 
pistons was % per cent. 

Experiments on elongation of carboloy No. 
999 specimens at a hydrostatic pressure of 
26,600 kg/cm? have show that fracture 
occurred at a tensile stress (supplementary 
in relation to hydrostatic pressure) of 
56,000 to 59,500 ke/cm2, and consisted of a 
clean, finely crystalline break without a 
trace of plastic deformation. Bridgman 
points out that the tensile strength of 
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carboloy at atmospheric pressure is 2 - 3 
times less than the fracture stress at a 
hydrostatic pressure of 26,600 kg/cm? [3]. 
In view of the fact that piezometers 
sometimes have to work in a wide temperature 
range, it is desirable to know how the 
coefficients of thermal expansion a and heat 
conductivity A change in alloys of different 
composition (besides, a knowledge of the 
coefficient of thermal expansion is 
required for calculating the dimensions when 
putting the steel support on the tempered 
cylinder of the piezometer). In Fig. 5 such 
a relationship for powder metallurgical hard 
alloys of tungsten carbide and cobalt is 
given. The temperature dependence of 
hardness, measured by Betaneli [8], and of 
Young’ s modulus, measured by Lardner and 
McGregor [14], for a few tungsten carbide 
cobalt alloys is shown on Fig. 6. As se@ 
from the diagram, both Young’s modulus and 
hardness decrease as the temperature is 


raised. 
coeff . of heat 
conductivity 


cal.*q 


coeff . of thermal 
expansion 


GSI 


| 


Cobalt content, % 

Fig. 5. Relationship between the coefficients 
of thermal expansion a and heat conductivity A, 
and cobalt content in a tungsten carbide alloy. 

o - results [11]; e- fora; + - for A accor- 
ding to results [12]; 0 - results of the work 
[13]. 

Using the available information about the 
work of piezometers at super-high pressures, 
and the data, given above, about the 
properties of superhard alloys, from which 
they are made, the estimation of the 
maximum permissible pressure attainable in 
them was attempted. For this it was 
necessary to know the maximum stresses 
developing in the pistons and in the © 
cylinder walls. Let us consider the case 
when the piezometer works within the elastic 
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ratio. 


range, i.e. when the compressive and 
tensile stresses in the material do not 
exceed its limit of proportionality o>: 
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Fig. 6. Relationships between hardness and 
temperature according to Betaveli [18]; and 
Young’ s modulus and temperature according to 
Lardner and McGregor [14] for alloys of tungsten 
carbide and cobalt. 


The piezometer pistons suffer a compres- 
sive stress. Thereby the maximum pressure 
(without taking into consideration the loss 
due to friction) which the piston is 
capable of developing will be 


Di = %- (1) 
The relative shortening of the piston is 
(2) 


(3) 


Here, E is Young’s modulus ad X Poisson’ s 
The piezometer cylinder walls expand 
due to internal pressure. As known, the stres- 
ses in the metal of thickwalled cylinders 
subjected to internal pressure are greatest on 
the inside surface (when r =r;). The stress 
normal to the cylinder surface, Op and the 
tangential stress o,, developing along the 
surface layer of the metal [10], are related 
to internal pressure, p;, external pressure, 
P,, and the ratio of diameters 
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De 


q external diameter of cylinder, 


(hy * 
= internal diameter) as follows: - 


( 4) 


(5) 


From these relationships it is se@™m that 
at p, = 0, the tangential stress is greater 
than the radial, and only at n = co are 
they equal, but opposite in sign (+ o,= 
te@msion, = compression). 

From equation (5) it follows that the 
pressure which can be Wilt up inside the 
cylinder, provided the material of the 
latter everywhere works under elastic 
stresses, will be the greater, the greater 
the permissible tangential stress acting on 
the internal cylinder diameter, the greater 


the ratio between the diameters, n = De 


and the greater the external pressure “iy 

When analyzing the role of the diameter 
ratios of the piezometer cylinder, it cam be 
said that there is no particular advantage in 
making n greater than 4- 5, as its further 
increase, all other conditions being equal, 
produces a lowering in the increase of 
maximum permissible pressure D,"- 

In order to be able to calculate from 
equation (5) the maximum pressure attain- 
able within a piezometer cylinder with a 
selected diameter ratio, n, the permissible 
stress, o,, must be given for the hard 
alloy from which the piezometer cylinder is 
made. For this purpose let us use the first 
theory of strength as the hard alloys, 
especially in tension, are brittle materials. 
According to this theory, the magnitude of 
the largest, as compared with absolute 
magnitude, of the acting stresses must be 
taken into consideration. In this case, the 
tensile stress on the inside cylinder surface 
surface, o,, is the greatest stress. If it 
is assumed that o, = o7, where a) = limit 
of in tensile straining 
of the hard alloy, which is attained under 
great hydrostatic pressure, then, by using, 
the relationship of equation (5), it is 
possible for the maximum permissible pressure 
p,” at a given value of a? to be calculated. 

Applying the above reasons, a calculation 


of the maximum permissible pressure Pp," 
inside a piezometer, made from a superhard 
tungsten carbide alloy, working under 
elastic stress conditions, can be quoted 
as ie example. Let us assume that o,= 

54,00@ kg/cm’. The calculation can be 
i Tae out by equation (5) for various 
ratios of external piezometer diameter to 
internal n = Te at various pressures of 


hydrostatic support P, in the range 1 to 
30,000 kg/cm?. The results of such a 
calculation are given in Fig. 7. From the 
diagram it can be seen how the internal 
pressure P,” changes as the diameter ratio 
n and support pressure p, increase. 


Be, ke/ mm? 
W000 20000 

Fig. 7. Relationship between maximum pressure 
p;" inside a piezometer, working under elastic 
stresses, and external support pressure P, for 
cylinders of various ratios of n (external 
diameter to internal diameter). 


ot 


Thus, in a piezometer with a diameter 
ratio of 3, 5, the pressure can be increased 
up to 45,000 kg/cm? - with extemal 
atmospheric pressure even to 100,000 
kg/cm? - at a hydrostatic support pressure 
of 30,000 kg/cm?. 

The possibility of realizing pressures of 
up to 100,000 kg/cm? in piezometers made 
from carboloy in such a way was first 
proved by Bridgman’s experimamts [20 - 22]. 
The works experience of our laboratory with 
piezometers made from pobedite also confirms 
this. It can be assumed that the maximum 
permissible pressures in piezometers can in 
actual fact be raised to above those 
obtained hy calculation, because the 
calculation is made according to formulae 
worked out for an infinitely long cylinder. 

In the case under consideration a high 
pressure develops in the piezometer along a 
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short length of a compressed specimen. 
Therefore the full load is applied only to 
the piezometer cylinder metal surrounding 
the specimen which is compressed by 
pistons. The piezometer cylinder parts 
surrounding the pistons are not loaded. 
Their function is to support the stressed 
parts of the cylinder [23]. 

The working experience with the apparatus, 
made from powder metallurgical hard alloys, 
shows that it is not always possible to 
obtain those pressures which the alloy used 
can withstand, according to all the above 
mentioned results. Often individual parts 
fracture at considerably lower stresses. 
The following may be the cause of this: 

(a) fatigue of the material earlier 
submitted to great stresses; (b) unsatis- 
factory method of preparation of the 
mixture from which the parts are sintered; 
(c) incorrect pressing of the parts; 

(d) incorrect treatment of the parts after 
sintering; (c) incorrect constructional 
application of the parts. 


Translated by George Isserlis 
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THE TEMPERATURE DEPENDENCE OF INTERNAL FRICTION 
OF PURE NICKEL* 


0.I. DATSKO and V.A. PAVLOV 
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Results of a study of the temperature dependence of the internal friction 
in recrystallized pure nickel are given. Two peaks of internal friction have 


been found to exist. 


The first peak is associated with the viscous properties 


of the grain boundaries, the existence of the second is explained by the 
relaxation of stresses along block boundaries. 


INTRODUCTION 


High temperature plastic deformation 
in many cases occurs along the boundaries 
of grains and mosaic blocks [1] because of 
their inherent physical properties. 

For the study of the peculiarities of the 
relaxation of stresses along grain boun- 


daries, as well as of the properties of the 
grain boundaries themselves, it is 
convenient to use the method of internal 


friction. Using this method, Ke has showm 
in his work [2, 3] that the grain boun- 
daries in metals, on application of external 
stresses, behave like intercrystalline 
amorphous layers, possessing definite 
viscous properties. Also, a peak is 
observed in the temperature-internal 
friction curve for a pure metal; this is 
due to stress relaxation along the grain 
boun dari es. 

Besides, investigations of internal stress 
in pure metals and alloys have been carried 
out by many authors, which confirm the 
existence of a peak in the internal friction 
of polycrystalline materials, which is due 
to stress relaxation along the grain boun- 
daries. Among these investigations, the 
work of Mash and Hall [4] is of particular 
interest, in which, in the course of 
studying the temperature dependence of 
internal friction of polycrystalline, 
exceedingly pure gold (99.9998 per cent), 


* Fiz. metal. metalloved., 5, No.6, 900-904, 1958. 


two peaks of internal friction were found 
to exist. On raising the annealing 
temperature the first peak diminished, and 
was somewhat displaced towards the high 
temperature range, whilst the second peak 
initially increased and then decreased. 
In a monocrystal (the specimen consisted 
of three crystals) the first peak was 
absent, whilst the second peak persisted. 
In less pure gold the second peak was not 
evident. 

The first peak of internal friction was 
explained by the author as being due to 
stress relaxation along the grain boun- 
daries, which begins during the first 
stage of recrystallization; the second 
peak of internal friction is due to 
relaxation along grain boundaries, occur- 
ring during collective recrystallization. 
In the opinion of the authors, the grain 
boundaries forming during the second stage 
of recrystallization are more stable, 
possess a lower free energy, and the stress 
relaxation along them occurs at higher 
temperatures. 

However, as is known, in pure metals one 
usually distinguishes two basic types of 
boundary: the boundaries between grains 
exhibiting a large angle of disorientation 
of grains towards each other, and boundaries 
between mosaic blocks with a small angle of 
block disorientation [5). 

If the block boundaries have viscous 
properties, just as the grain boundaries, 
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then under similar experimental conditions 
a stress relaxation can be observed also 
along the block boundaries. But as long 
as the disorientation of blocks with 
respect to each other is sufficiently 
small, the distortion of the crystalline 
lattice in the grain boundary zone between 
the blocks is less than in the grain 
boundaries, and hence the peak of internal 
friction for boundary zones between blocks 
will be observed at higher temperatures 
then for grain boundaries. Therefore it is 
possible that the second peak of intemal 
friction in Mash ad Hall’s experiments 
was due to stress relaxation along mosaic 
block boundaries. This explanation appears 
to be more probable, as the seoond peak of 
intemal friction was also preserved in the 
monocrystal specimen. 

The present work was carried out with the 
object of studying the intemal friction of. 
pure nickel. 


MATERIAL AND METHOD OF INVESTIGATION 


The investigations were carried out on 
electrolytic nickel NOOOO, after remelting 
the same in a high-frequency furnace under 
a vacuum of 1075 mm Hg. The total of 
impurities in the original nickel did not 
exceed 0.013 per cent. 

The ingots were forged into rods, which 
were rolled and draw into wire of 0.80 mm 
diameter at room temperature, with inter- 
mediate anneals at 800°C in vacuum. After 
the last intermediate anneal a deformation 
of approximately 80 per cent reduction in 
cross-sectional area was given to the wire. 
The wire obtained was cut into specimens of 
300 mm gauge length. The temperature 
dependence of the intemal friction was 
studied by means of a torsion pendulum in 
vucuo (107* to 1073 mm Hg) with a frequency 
of oscillation of about 0.5 c/s. The 
fumace for heating the specimens had a 
bifilar winding. The temperature gradient 
along the specimen did not exceed 1°C. 

The experiments were carried out as 
follows: the deformed specimen was heated 
at a rate of about 2°/min. up to 700°C, after 


which the furnace was switched off and the 
specimen allowed to cool in the furnace to 
room temperature. Subsequently, the 
specimen was submitted in the same way to 
further heating at higher temperatures. At 
each heating the temperature dependence of 
internal friction was tested. 

At the first heating of the deformed | 
specimen, recrystallization took place in 
the temperature region of 400°C. During 
subsequent heating processes collective 
recrystallization continued. 


RESULTS OF THE INVESTIGATION 


In Fig. 1 curves are given for the 
temperature dependence of internal friction 
after successive heating of the specima@m at 
between 700 and 900° through each 50°C, and 
after a 3 hr anneal at 900°C. In the 
internal friction curves two peaks are 
clearly defined The first peak A is 
situated in the temperature range 440 - 
460°C, the second peak B is in the range 
630 - 72°C. During the annealing process 
the height of peak A decreases; the 
magnitude of peak B initially increases, 
but subsequently decreases, whereas the 
peak itself is displaced in the high 
temperature range. 

In Fig. 2 the results of investigations of 
the influence of preliminary deformation 
and subsequent annealing on the behaviour of 
internal friction peaks are given. For 
these investigations a specimen was used 
which had been annealed at 700°C. The 
temperature dependence of internal friction 
of the specimen was characterized by curve 
1 (Fig. 1). After deformation by 1 per 
cent elongation the temperature dependence 
of internal friction of the specimen is 
represented by curve 1 (Fig. 2), in which 
the internal friction peaks A and B are 
absent. A subsequent anneal at 700°C leads 
to the appearance of the peaks A and B 
(curve 2, Fig. 2). When comparing curve 1 
(Fig. 1) with curve 2 (Fig. 2), it can be 
seen that peak A, after preliminary 
deformation and subsequent annealing has 
remained in the same temperature range, 
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whereas peak B has been noticeably 
displaced towards the low temperature 
region. On raising the annealing tempera- 
ture the height of peak A decreases and 

its position is displaced somewhat towards 
the high temperatures, whereas peak B 
decreases in height and is strongly dis- 
placed in the high temperature region 
(curves 3 and 4, Fig. 2). After annealing 
for 3 hr at 900°C, peak A practically 
disappears on the temperature dependence of 
internal friction curve. Peak B is only 
slightly evident, and its maximum is in the 
region of 800° (curve 5, Fig. 2). 
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Fig. 1. Relationship between internal friction 


of nickel and annealing temperature: 1 - 700°C; 
2- 750°C; 3- 800°C; 4 - 850°C; 5 - 900°C; 
6 - 3 hr at 900°C. 
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Fig. 2. Relationship between internal friction 
of nickel and deformation and annealing tempera- 
ture: 1 - 1% deformation in tension; subsequent 
annealing; 2 - 700°C; 3 - 800°C; 4 - 900°C; 

5 - 3 hr at 900°C. 


Intema! friction 


If this specimen is again deformed in 
tension hy 2 per cent, then the height of 


the internal friction peak B increases, as 
compared with the one in curve 5, Fig. 2, 
or curve 1, Fig. 3, and is displaced 
towards the low temperature range of 660 - 
670°C (curve 2, Fig. 3). 
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Fig. 3. Relationship between internal friction 
of nickel and deformation and annealing tempera- 
ture: 1- 3 hr at 900°C; 2 - 2% deformation in 
tension; 3 - annealing at 900°C. 


Internal friction 


Metallographic examinations have show 
that the grain size of the specimens 
noticeably increases during annealing from 
0.12 to 0.22 mm, after heating at 900°C. 
The grain size of a slightly deformed 
specimen increases up to 0.25 mm. The 
grains attain this size essentially already 
after heating at 800°C, but they are non- 
uniform in size and axiality; some of them 
are bigger than the diameter of the 
specimen. 

Investigations have shown that when 
nickel is alloyed with 0.023 per cent 
aluminium, the internal friction peak B 
appears only after annealing at 900°C. 
Increasing the aluminium addition to 0.05 
per cent leads to the disappearance of the 
peak (Fig. 4). 


CONSIDERATION OF RESULTS 


As noted hy Postnikov [6], and in accor- 
dance with our investigations, the peak A 
(Figs. 1 and 2) may be associated with 
stress relaxation along grain boundaries. 

On raising the annealing temperature, the 
height of peak A decreases and it is 
Slightly displaced in the direction of high 
temperatures. Metallographic examinations 
have show that during annealing a collec- 
tive recrystallization had been taking place 
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throughout the specimens, and, hence, the 
change in size and temperature position 
of peak A can be associated with the 
increase in grain size and with the change 
of grain boundary properties. A similar 
relationship between the maximum of 
interna] friction and grain size was 
obtained by Koster in pure gold specimens. 
He has show [7] that the maximum in course- 
grained specimens is less in magnitude, 
wider and displaced into a higher tempera- 
ture region as compared with fine-grained 
specimens. 

Peak B has, as far as we know, been first 
discovered in nickel. Judging from the 
results of chemical analysis of the material, 
its appearance cannot be explained by 
diffusion of impurity atoms, as the concen- 
tration of the latter in the nickel examined 
is sufficiently low. 
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Fig. 4. Temperature dependence of internal 
friction of alloys of nickel and aluminium 
after annealing for 3 hr at 900°C: 1 - 
0.023%, 2 - 0.05%, 3 - 0.24% Al. 


Again, the dependence of the observed 
change of peak B on thermal and mechanical 
treatments (Figs. 1, 2 and 3), as well as 
the nature of the influence of impurities 
(Fig. 4) permits its existence to be 
associated with stress relaxation along the 
boundaries of mosaic blocks. The following 
facts testify to this: 

1. Plastic deformation of the specimen, 
causing breaking up and destruction of 
mosaic blocks, as well as increasing the 
distortion of the crystal lattice within the 
blocks and in their boundaries [8], leads to 
an increase in the height of peak B and to 


its transfer to a lower temperature region. 

2. Annealing of the specimen, which 
normally decreases the amount of distortion 
of the crystal lattice in the boundaries 
and within the blocks, and causes the 
blocks to grow [8, §], is accompanied by a 
transfer of the internal friction peak to a 
higher temperature region and, generally 
speaking, by a decrease in its height. 

3. Additions of small amounts of impurities 
which, as is known, arrest the polygonization 
and growth of blocks in a material, [10], as 
well as render stress relaxation along block 
boundaries apparently more difficult, lead 
to the appearance of a second peak only 
after annealing at higher temperatures, or to 
its complete disappearance when the quantity 
of impurities added is increased. 

When considering the results obtained from 
the present work (Fig. 1, curves 1- 3), one 
can see that as the annealing temperature 
of heavily deformed nickel is increased, an 
increase in the height of peak B observed 
first of all. This appears to be due to the 
fact that after recrystallization, particu- 
larly at low heating temperatures, a suf- 
ficiently large quantity of various kinds of 
defects of the crystal lattice and dislo- 
cation remain in the material, which, re- 
organizing themselves on subsequent annealing, 
can cause further polygonization which is 
accompanied by a decrease in block size [ij]. 


Simultaneously, the amount of block grain 
boundary material increases, which causes 
a rise of the internal friction peak. 

At present, the processes of polygonization 
and block growth after recrystallization are 
not fully understood, and therefore it is 
not possible to compare the results obtained 
by us with other observations carried out 
on pure nickel. However, it know that 
investigations have been carried out in 
which grain destruction was observed in 
deformed and subsequently annealed, recrys- 
tallized copper, and this process occurs 
repeatedly [12]. In a number of observations 
[13 - 14] it is noted that not all crystal 
lattice defects, caused by plastic defor- 
mation, disappear at once on recrystalliza- 
tion. After recrystallization an increased 
quantity of dislocations is preserved in 
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grains, but these gradually disappear 
during collective recrystallization. These 
papers may, to a certain extent, serve 

as confirmation of our explmation. 


CONCLUSIONS 


1. The maximum for the internal friction of 
pure nickel, which lies at 440 - 460°C. is due 
to stress relaxation along grain boundaries. 
With rise in annealing temperature it decreases 
and is somewhat displaced to a high temperature 
region as a result of increase in grain size 
and change in the properties of grain bounda- 
ries during collective recrystallizatian. 

2. The internal. friction maximum, 
observed in the temperature range 630 - 
800°C, increases in height after plastic 
deformation and shifts to a low temperature 
region. On annealing the deformed nickel 
with a subsequent raising of the annealing 
temperature a shifting of this maximum to 
a high temperature region is observed. 

With this, a drop in its height is generally 
observed. A decrease in the purity of the 
material leads to its disappearance. 

The results obtained permit the assumption 
that the internal friction peak in the 
temperature range 630 - 800°C is associated 
with stress relaxation along mosaic block 
boundaries. The change of its height and 
location on the temperature scale after 
thermal and mechanical treatments is due to 
destruction and growth of blocks, accompanied 


by a change in their boundary properties. 


Translated by George Isserlis 
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Great interest both in the practical 
purposes and in the scientific knowledge of 
the processes which result on heating 
cold worked steels, is found in the re- 
search on the kinetics of softening and 
the changes in the fine structure which 
to a certain extent characterize the resis- 
tance of the metal to the action of ten- 
perature. 

The study of the softening and the change 
in the fine structure on heating was 
carried out on heat resistant steels of 
different types in different classes: 
F1428 polyferritic, E1531 - pearlitic 
and 22 - ferritic. 

The chemical composition of the steels 
studied is given in Table 1. 

The effect of the temperature on the 
change in the fine structure of the steels 
was studied after several degrees of 
deformation with a total deformation of 


5; 10; 25 and 50 per cent obtained by rolling 
on a two high laboratory mill, type 330, in 
the cold state. 

Heating of the samples was carried out 
for 40 min. at various temperatures. Samples 
of EI428 and Zh27 steels were heated at 200; 
300; 400; 450; 500; 600; 650 and 700°, and 
samples of EI531 steel at 100; 150; 200; 250; 
350; 450; 550 and 750°. 

The temperatures given were chosen in 
connexion with the fact that the width of 
the diffraction lines is essentially reduced 
when the anneal begins. The difference in 
the line width with a 15 min anneal and one 
lasting one hour is 0.1 m when the initial 
line width>3 mm{i]. For this the principal 
reduction in the line width (more than 1 mm) 
occurred in the first minutes of the anneal. 

After heating the samples were cleaned on 
an emery wheel, and by anodic solution a 
preformed layer 0.15 mm thick, obtained by 


TABLE 1 


Chemical composition % 


Mo Nb Ti 


E1428 


EI531 from 
to 


not more 
0.1 0.25 


* Fiz. metal. metalloved. 6, No.5, 905-911, 1958 . 
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mechanical working, is removed. 

The determination of the amount of second 
order distortion and the grain sizes is 
carried out according to a method worked 
out by Lysako [2] on taking an X-ray 
photograph using two lines — the chromium 
line from the (211) face and the molybdenum 
line from the (651) face, which have the 
same angles of reflection ~78°. 

X-ray photographs were taken by reversing 
the cassette. For calculating the 
geometry of the photographs standard 
samples were taken which had been annealed 
for 6 hr at 670° for EI428 steel and 700° 
for EI531 and Zh27 steels. From the total 
line width the width given by the standard 
sample was taken. 

The density of the left-and right-hand 
sides of the X-ray photograph were measured 
with the help of an MF-2 microphotometer by 
visual estimation. The line width was 
determined as the ratio of the integral 
intensity over the height of the maximun. 

The results of the studies on the effect 
of the annealing temperature on the fine 
structure and hardness of cold worked 
steels is shown graphically on Figs. 1-9. 

On Fig. 1 is given the change in the 
amount of second order distortion, and on 


Qa 


| 


Second order distortion 


~ 


700 200 300 3500 G00 700 
Temperature °C 


Fig. 1. The dependence of the second order 
distortion on the annealing temperature of 
£1428 steel with a deformation of 5; 10; 25; 
and 50%. 
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Fig. 2. The dependence of the grain size on the 
annealing temperature of the E1428 steel with a 
deformation of 5; 10; 25 and 50%. 


Figs. 2 and 3 respectively the changes in 
the grain size and the hardness, with the 
temperature, in cold worked FI428 steel 
for 5; 10; 25; and 50 per cent deformation. 

As is seen from Fig. 1 for samples rolled 
to a 25 per cent deformation the second 
order distortions do not alter on heating 
to 300°, but for samples rolled to a 50 
per cent reduction a change in the 
deformation pe. does not occur on heating 
to a temperature of 400°. 

Heating samples deformed by a 5; 10; 25 
per cent roll to 400° and samples deformed 
by a 50 per cent roll to 450° sharply 
reduces the second order distortion. On 
raising the temperature to 600° for samples 
rolled down to a 25 per cent reduction the 
rate of fall of the value hn is reduced 


and on heating above 600° a sharp drop in 
in the second order distortion occurs 
again. Heating samples, rolled down to 50 
per cent above 400° sharply reduces the 
second order distortion. 

Heating cold worked EI428 steel samples with 
varying degrees of reduction to 700° leads 
to the complete removal of second order 
distortions. 

Raising the annealing temperature to 400° 
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(independently of the degree of deformation 
does not affect the grain size (Fig. 2). 

On raising the temperature to 500° an 
insignificant growth of the grains occurs 
and only after heating above 500° is a 
sharp increase in their dimensions observed. 
Thus, if at a temperature of 500° the size 
of the grains in samples of FI42% steel 
was of the order of 10~® then at a tempera- 
ture of 550° the dimensions of the grains 
would already be of the order 1075 cm for 
all degrees of deformation. On increasing 
the temperature to 650° a very sharp 
increase in the dimensions of the grains 
is observed. 


5% 
On 


90 


Hardness R 


700 300 500 700 
Temperature °C 


Fig. 3. The dependence of the hardness on the 
annealing temperature of the £1428 steel with 
a deformation of 5; 10; 25 and 50%. 


On heating samples with differet 
degrees of deformation to 200° an insig- 
nificant increase in hardness takes place 
(Fig. 3). For samples with a 50 per cent 
deformation the increase in hardness is 
greater than for the other three amounts 
of rolling. Heating above a temperature 
of 300° leads to a reduction in the hard- 
ness besides which for a 50 per cent 
deformation the slope of the curve is 
steeper than for samples with a 5; 10 and 
25 per cent deformation. Only heating to 
700° reduces the hardness to the value 
for the hardness of the standard (87 
units). 

From a comparison of Figs. 1-3 it is 
seen that on heating to 300° the hardness 
and quantity of second order distortion is 
practically unchanged. 

On heating in the temperature range 
300-600° there is no correspondence between 
the second order distortion and the hard- 


ness of the samples. On heating in the 
temperature region 300- 400° a sharp drop 
in the amount of second order distortion 
occurs but a decrease in the hardness is 
observed only on heating above 600°. There 
is also no correspondence 
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Fig. 4. The dependence of the second order 
distortion on the annealing temperature E1531 


steel with a deformation of 25 and 50% 
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Fig. 5. The dependence of the grain size on 
the annealing temperature of £1531 steel with 
a deformation of 25 and 50%. 
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Fig. 6. The dependence of the hardness on the 
annealing temperature EI531 steel with a 
deformation of 25 and 50%. 


between the change in grain size and 
hardness on heating. A sharp increase in 
the grain size is already noticed wham 
heating above 500°, but although the 
hardness in this temperature range changes 
it does so to a lesser degree. * 

In Figs. 4-6 is given the change — of 
the grain size and the hardness with ” 
temperature for samples of FI531 steel 
(pearlitic) deformed to 25 and 50 per cent 
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in the cold state. Considering these 
figures together we see that on heating to 
100° the second order distortion and the 
hardness increase insignificantly but the 
grain size is reduced slightly as compared 
with the initial state (without heating). 

On heating at 200° a drop in the second 
order distortion is noted. On increasing 
the temperature above 200° (up to 700°) a 
further considerable reduction in the 
second order distortion is observed. A 
change in the grain size and hardness on 
annealing and raising the temperature from 
200 to 450° was not observed. 

One must suppose the change in hardness 
of cold worked FI531 steel on heating to 
150° is linked with the change in the 
second order distortion, since the curves 
have a similar form. On heating at 150- 
550° the course of the change in hardness 
does not coincide with the course of the 
change of the grains. A noticeable 
softening (reduction in hardness) of EI531 
steel begins only after heating above 500°. 


NR 
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Temperature, °C 
Fig. 7. The dependence of the second order 
distortion on the annealing temperature of Zh27 
steel with a deformation of 5; 10; 25 and 50%. 


From the curves presented on Figs. 7-9 it 
is possible to consider the changes in the 
fine structure and the hardness of cold 
rolled Zh27 steel for 5; 10; 25 and 50 per 
cent deformation when it is consequently 
heated. The course of the curves in Fig. 7 
showing the change in the second order 
distortion with temperature for four degrees 


A reduction in 
with 


of deformation is the same. 
the second order distortion on heating, 
an increase in the degree of deformation 
begins at a lower temperature than a drop 
in the hardness. A noticeable reduction in 
the second order distortion for samples 
rolled by 5 per cent is observed only at 
500°. 
On heating the samples at 700° the amount 
of second order distortion obtained is the 
same as that for the initial material 
(before deformation). 
Heating to 300° does not alter the grain 
size. (Fig. 8). A small increase in their 
size is observed only on heating to 400°. 
On raising the temperature to 650° a 
gradual increase in grain size is observed, 
and on heating above 650° a sharp increase 
in their size takes place. According to 
the absolute value the chamge in grain size VOL 
for samples with 5 and 10 per cent defor- 6 
mation is greater than for samples with 25 
and 50 per cent deformation. 
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Fig. 8. The dependence of the grain size on 
the annealing temperature of Zh27 steel with a 
deformation of 5; 10; 25 and 50%. 


A significant increase in hardness is 
observed on heating up to 300° for samples 
with up to 5 per cent deformation, and on 
heating at 200° for samples with a 10 per 
cent deformation (Fig. 9). On heating at 
400° a slight fall is noticed for samples 
rolled to a 5; 10; and 25 per cent defor- 
mation and a temperature of 500° there is 
again an increase in hardness for all four 
degrees of deformation. With a further 
increase in temperature a sharp decrease in 
hardness occurs. 
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On comparing the curves presented on 
Fig. 7-9 one can see that the change in 
hardness on heating cold wrked Zh27 steel 
has not an analogy either with the change 
in the amount of second order distortion or 
the grain size. In particular this dis- 
agreement is seen on heating in the ten- 
perature region 450-550° where the hardness 
rises, the second order distortion decreases 
evenly and the grains grow. 


B 


Hardness R 


Temperature, °C 


Fig. 9. The dependence of the hardness of the 
Zh27 steel on the annealing temperature with a 
deformation of 5; 10; 25 and 50%. 


Comparing the curves (Figs. 1, 4 and 7) 
which show the variation of the second 
order distortion with temperature for cold 
worked steels of three types and different 
kinds it can be seen that on heating at 
300-400° (depending on the degree of 
deformation) there is no noticeable 
variation of the second order distortion 
for samples of ferritic (Zh27) and polyfer- 
ritic (E1428) kinds of steel. On raising 
the temperature above this region for steel 
samples of the ferritic and polyferritic 


ta 
kinds a reduction in ie occurs and for 


samples of the polyferritic kind of steel 
(E1428) it is sharper then for samples of 
the ferritic kind (Zh27). The most severe 
drop in the second order distortion for 
cold worked steel samples which are pear- 
litic (EI531) begins at an annealing 
temperature over 200°. 

From a comparison of the curves show on 
Figs. 2, 5 and 8 it is seen that a variation 
in the grain size (in the main features) is 
not found for samples of all three alloyed 
heat resistant steels on heating to 400°. 
Growth in the grain size is observed on 
heating above 500° for samples of all three 


kinds of steel and for steels of the 
pearlitic and polyferritic kinds this 
growth is more rapid than for samples of 
the ferritic kind. 

Growth in the grain size of ferritic 
steel samples (Zh27) at the same rate is 
found only at an annealing temperature 
over 650°. Comparing the variation in 
hardness R in the cold worked samples of 
the three different kinds of heat resistant 
steels on heating (Figs. 3, 6 and 9) we see 
that a drop in hardness is not observed on 
raising the temperature to 600°. A sharp 
drop in it is noticed only on heating in 
the temperature region over 650° when a 
simultaneous drop of the second order 
distortion to a minimum and a sharp rise in 
the grain size occurs. It must be mentioned 
that there is not a complete correspondence 
in the course of the curves for the 
variation of the amount of second order 
distortion and for the grain size. 

In metal deformed plastically part of the 
energy @xpended on deformation is held in 
the form of the energy of the residual 
stresses of the II and III orders. And 
the greatest part of the energy (of the 
order of 90 per cent) in the form of III 
order stresses is concentrated along the 
grain boundaries as a result of which the 
crystalline lattice finds itself in an 
unstable state, therefore also the free 
energy of the deformed metal is higher 
than that of the undeformed. the material 
can be brought to the stable state only in 
that case when the mobility of the atoms 
will be sufficient to occupy the stable 
position. Such a process can take place 
noticeably only on heating the metal to a 
sufficiently high temperature that, due to 
the thermal vibrations, the atomic bonds 
weaken so much that the atoms approach 
their positions in the correct undeformed 
crystal lattice. 

Movement of the atoms over the small 
interatomic distances leads partly to a 
retum of the former physical properties 
and is called relaxation or retum. This 
process governs the partial removal of the 
elastic deformatios of the I, II md III 
orders from the crystal lattice on heating 
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Fig. 10. The variation with the annealing 
temperature of the diffuse background of the 
deformed steels E1428, FI531 and Zh27. 


At higher temperatures the process of 
recrystallization is observed when a change 
in the metal structure occurs — new unde- 
formed crystals appear; this process is 
accompanied by an almost complete retum of 
the former properties. 

Judging by the results which have been 
given on heating the steels studied neither 
the grain size nor the second order 
distortion can characterize the softening 
process in the steels. It must be remen- 
bered however, that on heating the deformed 
metal, on the X-ray photograph not only the 
narrowing of the interference lines, which 
we measured, but also an increase in their 
definition (rise in their intensity) and a 
weakening of the general background of the 
X-ray photograph is noted. We took 
measurements for lines with a larger angle 
of reflection (for line (211) in chromium 
radiation) of the background on X-ray 
photographs taken with samples of E1428, 
FI531 and Zh27 steels held at differa@mt 
temperatures. The curves for the variation 
in the background are given on Fig. 10. As 
is seen from this figure the course of the 
variation of the background on the X-ray 
photographs taken, using samples of all 
three of the heat resistant steels of the 
different kinds studied at temperatures up 
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to 400°, is practically the same. On 
raising the temperature further more severe 
changes in the background occur on X-ray 
photographs taken with samples of FI428 
and Zh27 steels (above 550-600°). 

From a comparison of the curves of this 
figure with the curves of Fig. 9 it is 
seen that the variation in the hardness of 
the steels studied on raising the tempera- 
ture has the same character as the 
variation in the intensity of the diffuse 
background of the X-ray photograph. 

A comparison of the amount of second 
order distortion (Figs. 1, 4 and 7) the 
hardness (Figs. 3, 6 amd 9) and the diffuse 
background of the X-ray photograph, 
according to which it is possible to make 
indirect predictions about third order 
distortions (Fig. 10), permits the 
following conclusions to be made. 

Relaxation is expressed on X-ray photo- 
graphs hy a reduction in the interference 
line width on heating the samples deformed 
in the cold, reducing the second order 
distortion of the crystal lattice of steels 
of the ferritic (Zn27) and the polyferritic 
(FI428) kinds, begins on heating above 


-400°, but for steels of the pearlitic kind 


(FI531) on heating above 200°. 

Relaxation leading to a drop in the 
hardness on heating the cold wrked samples 
of polyferritic (F1428) and pearlitic 
(FEI531) steels begins on heating over 600° 
and for samples of ferritic steels (Zh27) 
above 550°. 


Translatea by J.H, Dempster 
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Limited and moreover contradictory 
evidence [1, 2] concerning the modulus of 
elasticity of the age hardening Cu-Be alloys 
and its dependence on heat (ageing) treat- 
ment does not allow an explanation of the 
form of mutual connexion between the hard- 
ness and the elastic modulus of these 
alloys at various stages during ageing. 

In the hardness - a property sensitive to 
the structure - a reflection is found of 
the complexity of the structural changes 
which arise in ageing beryllium bronze in 
the various stages of its structure becoming 
heterogeneous. 

Following the course of the change of the 
elastic modulus in an alloy’s ageing process 
we get the opportunity to throw light on the 
second facet of the phenomenon - the form 
of the variation of the strength of the 
interatomic bond in the parent solution of 
the ageing alloy at different stages in its 


ageing, and also — the most important kinetic 


(activation) parameter of the ageing 
process. 

Both the alloying elements producing the 
ageing effect and also the others added to 
the composition of the ageing alloy show a 
substantial influence on the strength of 
the interatomic bond, weakening or strength- 
ening it. In particular it is not difficult 
from this point of view to estimate the 
role of beryllium in copper, determining for 
a series of tempered copper beryllium alloys 
with an homogeneous structure the modulus of 
elasticity, and further according to the 
formulae [3] the value of the mean square 
displacement of the atoms in the lattice of 


*Fiz. metal. metalloved. 7, No.5, 912-918, 1958. 


the solid solution. 
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In Fig. 1 the results of these measure- 
ments and calculations are given. In this 
figure a curve, borrowed from paper [4], 
is given of the variation of the lasting 
high temperature hardness with the compo- 
sition. All these curves tell of the 
weakening effect of beryllium on the inter- 
atomic bond in the copper lattice. 

Thus the copper beryllium alloy can serve 
as an example of an ageing alloy in which 
the component producing the ageing effect, 
being introduced into the solution on 
account of its valence electrons which are 
given to the body of electrons, raises the 
kinetic energy of the electron gas and 
reduces the bond strength. 

In this article results of research on 
the ageing of these alloys are given. The 
specific change will be shown in the 
properties of age hardening alloys in which, 
apart from the element causing the ageing 
effect, there enter components which exert 
a subsidiary influence on the strength of 
the interatomic bond in one way or another 
and thus influence the kinetic parameters 
of the age hardening process, themselves 
not being the elements causing the ageing 
effect (Zn in the beryllium bronzes, Mo and 
Cr in the nickel aluminium and nickel 
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titanium alloys). Finally ageing alloys 
will be described in which the elements 
causing the ageing effect strengthen the 
interatomic bond in the lattice of the host 
solution (Fe and Ti in copper). 
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Fig. 1. The variation of the modulus of 


elasticity, V 5 andthe continuing hardness of 
copper depending on the Be content: 1 —- the 


value of FE; 2 — the value of V aE 3 - the 
continuing hardness. 


Copper (99.98%) and beryllium (99. 1%) 
serve as the initial materials for the 
preparation of these alloys. The alloys 
are melted in an induction furnace in 
graphite crucibles of high purity. To 
prevent oxidation the melt is carried out 
under a layer of a flux of potassium 
chloride. 

In order to prevent the formation of 
casting porosity in the cast the cooling of 
the metal in the crucible was carried out 
in a special apparatus consisting of a 
cooled slab on which was placed the crucible 
with the furmace element for the upper part 
of the crucible. 

The slabs, after a 10 hr induction period 
at 800° to make them homogeneous, were hot 
rolled in a section laboratory rolling mill 
to bars from which were drawn samples 8 + 
0.01 mm in diameter and 155 mm in length. 
The ratio of the sample dimensions chose@ 
ensured that the value of the dynamic 
modulus of elasticity determined was inde- 
pendent of the frequency of the oscillations 
excited in them [5]. 

Calculation of the value of E was carried 
out by the formula [6] 


f2y 
981-103 


where 1 is the length of the sample in cm; 
j} the natural frequency of the longitudinal 
oscillations in the sample, in hertz; Y the 
density in g/cm3. 

The accuracy of the measurement of the 
frequency in the apparatus for the deter- 
mination of the modulus was guaranteed at 
+ 3 hz which made it possible with the 
proper accuracy in the determination of the 
length of the sample ad its density to 
ensure an accuracy in the determination of 
the modulus of elasticity of up to 0.3 per 
cent. 

Samples were studied which contained 1; 
1.5 and 2% Be by weight and which in the 
annealed state possessed an homogeneous 
structure. Quenching of the samples was 
carried out after a 25 hr hold at 820° in 
an argon atmosphere. The ageing anneal of 
the samples was carried out in salt baths 
at strictly controlled temperatures. 

In the graphs given below all the results 
are calculated as means of five parallel 
experiments. 

In Fig. 2 are given curves for the 
variation in hardness, specific gravity and 
the modulus of elasticity of the copper 
beryllium alloys with 1.5% Be after quenching 
and consequently annealing in the temperature 
range from 150 to 700°. 
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Fig. 2. The variation of the modulus of 
elasticity, hardness and specific gravity of 
an alloy Cu + 1.5% Be depending on the tempera- 
ture and time of the anneal. 
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In Figs. 3 and 4 microphotographs are 
given of the structure of ageing alloys of 
this composition. 


Fig. 3. The microstructure of an alloy Cu + 
1.5% Be. Annealed at 300° for 10.5 hr X 300 and 


ane 

ea 


Fig. 4. The microstructure of an alloy Cu + 
1.5% Be. Annealed at 400° for 10.5 hr X 1080. 


In Figs. 5-6* the results are shown of a 
study of the ageing of alloys with a % 
beryllium content. Alloys with a 1% Be 
content do not exhibit signs of ageing in 
the whole annealing temperature range for 
holding periods up to 10.5 hr. An alloy 
with 1.5% Be essentially changes all its 
properties during ageing. Comparing the 
results of microstructural and microduro- 
metric experiments with results from 
measurements of the hardness and the 
elastic modulus it must be concluded that 
in the alloy, up to 300°, no noticeable 


changes are observed in the volume of the 
crystallites of the supersaturated solid 
solution. The first microstructurally 
different nuclei of the precipitate are 
found along the grain boundaries, giving 
rise to the so-called ‘“‘black’’ component. 
On raising the annealing temperature the 
volume of the black component increases 
(Table 1). At a considerable magnification 
(to 1000) two phase constituents are 
clearly see@m in the black component: the 
grey field of the depleted solid solution 
with finely dispersed inclusions of the 
white Y-phase. 


TABLE 1 


Microhardness (kg/mm?) after 
Annealing a 1.5 hr induction period 
temperature, °C 


Inside the Inside the 
grain black 
component 


88.4 
350 | 95.4 
86.9 
500 90.0 


* The examinatioa of the structure of ageing 
alloys with an electron microscope was carried 
out by Pilyankevich. 


The monotonic increase in the hardness 
and the elastic modulus, starting from 1500 
up to 300°, when the microhardness of the 
primary background of the crystallites is 
constant, indicates that at very low 
annealing temperatures along the grain 
boundaries which, apparently, are e@mtirely 
enriched with beryllium, precipitation 
occurs of the super saturated solid 
solution accompanied by local harde@ing 
along the boundaries which is also show up 
as a slight increase in the macroscopic 
hardness. In the temperature rage 350- 450° 
with holding periods of 1.5-3.5 hr and in 
in the temperature range 350-400° with 
longer holding periods a sharp rise in the 
elastic modulus is observed. In the region 
of the maximum value of the hardness is 
also the maximum value of the modulus of 
elasticity. Its level for a short annealing 
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period approaches the value for the 
elastic modulus of pure copper and for the 
longest holding periods (10.5 hr) - 
noticeably exceeds it. Taking into account 
the fact that due to the depletion of the 
solid solution with respect to beryllium 
its modulus of elasticity should increase 
approaching the elastic modulus of copper 
in the limit, it can be considered that 
precisely this precipitation process, but 
so far not along the boundaries of the 
crystallites but in the whole mass of the 
solid solution, is characteristic for the 
limits of the temperatures considered for 
the ageing. In Fig 4. is show the 
structure of the metal corresponding to the 
maximum strength. It is completely divided 
into two phase components: the depleted 
solid solutim and the dispersed precipitate 
of the Y-phase. The characteristic 
descending branch of the graph of the 
elastic modulus beyond the temperature 
boundary of the maximum indicates that 
already directly beyond its limits the 
reverse process of the solution of the 
precipitated ageing component occurs and, 


apparently, its more dispersed fractions. 
This also explains the more rapid drop 
of the graph for the hardness after the 
maximum. 
The high temperature coalescence of the 
products of the precipitation, appar@tly, 
should be considered as a secondary sof- 


tening factor in this alloy. In the light 
of the results we have studied the ageing 
process of the beryllium bronzes with 1. 5% 
Be must be considered as am heterophase 
process at any stage in the ageing. 


By arranging the data on the effect of 
beryllium on the modulus of elasticity of 
copper — beryllium solid solutions and on 
the other hand having determined the 
elastic modulus of the Y-phase which was 
equal to 1600 x 105 kg/cm’, it is possible 
to estimate approximately the degree of 
metastability of the ageing alloy at 
different stages in the ageing. 

In Table 2 results are show of calcu- 
lations carried out of the modulus of 
elasticity of an alloy with 1.5% Be in a 
state of equilibrium, in comparison with 
experimental values of the elastic modulus 
of the same alloy aged at the same tem- 
peratures in the course of 10.5 hr. 

The ageing process in beryllium bronzes 
containing 2% Be develops in a completely 
differmt way. 

Thanks to the considerable weakening of 
the interatomic bond caused by an increase 
in the beryllium content the ageing process 
runs more intensely in alloys rich in 
beryllium. First of all this is show up 
in the g@meral displacement of the graphs 
for the ageing in the low temperature region 
(Fig. 5). In alloys with 1.5% Be the 
internal stresses arising in the hetero- 
phase diffusion process relaxed, due to the 
fact that the process was only noticeably 
developed at sufficiently high temperatures. 
In alloys with 2% Be the intemal stresses 
place their mark on the whole pattern of 
ageing for this alloy. The effect of the 
intemal stresses is show in the anomaly 
of graphs for ageing (specific gravity, 
modulus of elasticity and hardness) in the 
temperature region 300-400° for short 


TABLE 2 


Annealing E 
temperature, theoretical, 
°C kg/cm? x 104 


E 
experimental, 
kg/cm? x 10° 


Discrepancy, 


1. 338 
1.332 
1,325 
1,313 
1, 293 


1. 246 
1. 29 
1.325 
1, 321 
1. 298 
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holding periods (Fig. 5), amd in the 
appearance of a completely characteristic 
structure which indicates the prefermtial 
formation of nuclei of the ¥-phase 
coherently connected with the host solution 
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Fig. 5. The variation of the modulus of 
elasticity, hardness and specific weight of an 
alloy Cu + 2% Be depending on the temperature 
and the time of the anneal. 


along the octahedral lattice plmes (111), 
that is, im the positions which are most 
suitable in relation to a possible minimum 
of the intemal stresses (Fig. 6). Finally 
the internal stresses are the source of the 
appearance of the block structure of the 
a-phase, the existence of which was 
described by Yelistratov [7] on the basis 
of indirect results from an x-ray structural 
analysis and directly observed in studies 
of the structure of the aged alloy with an 
electron microscope. (Fig. 6). Note the 
fact that even for quite considerable 
increases in hardness in the structure of 
alloys aged at 300 and 400° no signs of it 
becoming heterogeneous are found. 

However, already on annealing at 450° 
for an holding period of 6.5 hr the 
structure of the ageing alloy: is observed 
becoming heterog@meous throughout its 
volume. 

A short anneal of an alloy with 2% Be at 
elevated temperatures is accompanied by the 


dispersion of the super saturated solid 
solution over definite crystallographic 
planes which also indicates that in the 
first stages of the ageing of an alloy 
with 2% Be the phase of the precipitate 
remains, within certain ranges of tempera- 
ture and times of holding, firmly linked 
with the host a-solution. 


Fig. 6. The microstructure of the alloy Cu + 
2% Be. Annealed at 300° for 10.5 hr X 300 and 
X 6400. 


Large distortions in the structure of 
the host a-solid solution are the source 
of its abrupt increase in str@mgth. In 
the last stages of ageing in the region 
where the structure becomes heterogeeous 
the cause of the increase in strmegth is 
basically the dispersion hardening affect, 
in the true sense of the word 

As in an alloy containing 1. 5% Be, beyond 
the maximum on the graph of the hardness 
for an alloy with 2% Be the reverse process 
of resolution begins, which fact is 
verified by a specific fall in the modulus 
of elasticity. 

In Table 3 the theoretical and experi- 
mental values are given for the modulus of 
elasticity of a Cu-Be alloy with 2% Be aged 
over 10.5 hr. 

In contrast to an alloy with 1.5% Be, in 
an alloy containing 2% Be at the temperature 
350-450° the calculated value of the 
modulus of elasticity is smaller thm the 
experimental value which indicates that in 
the field of stress the dispersion of the 
supersaturated a-solution goes further 
than is predicted by the equilibrium 
diagram. These results are found to be in 
agreement with those of other authors [8]. 
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TABLE 3 


Annealing E 
temperature, theoretical 


°¢ kg/em2 x 10° 


E 
experimental 
kg/om? x 105 


1.352 
1.346 
1. 340 
1.327 
1. 308 


1, 316 
1, 367 
1, 367 
1,344 
1,317 


CON CLUSIONS 


1. Research was carried out on the 
ageing of copper beryllium alloys with 
differmt Be contents with the use of 
methods for determining the hardness, 
specific gravity, modulus of elasticity, 
microhardness and of an electron microscopic 
study of the structure. 

2 The weakening effect of Be on the 
strength of the interatomic bond in copper 
beryllium alloys is show. In alloys with 
weakened interatomic binding the ageing 
processes are intensified. 

3. In the strongest state even in those 
alloys in which the addition which causes 
the ageing reduces the strength of the 
interatomic bond a recovery in the stre@mgth 
of the bond is observed on account of the 
weak of the host solution with the 
approach of its bond strength to that of 
the pure solution (for low solubility of 
the addition causing the ageing at low 
temperatures). 

4. It is shown that in alloys containing 
1.5% Be the nuclei for the dispersion occur 
along the grain boundaries gradually spread 
ing from the grain boundaries to the volume 
of the grain. In all stages of ageing for 
this alloy the ageing process is linked 
with its structure becoming heterogm@eous. 

In an alloy with 2% Be in the first 
stages of ageing the process continues 
encompassing the whole volume of the metal 
within the boundaries of the ‘‘single phase’’ 
change when the phase of the precipitate is 
firmly linked with the matrix of the host 
solution and its nucleation occurs on planes 


(III) with an atomic density close to the 
atomic density of the tw dimensional 
nuclei of the new phase. 

5. In the example for the ageing of 
alloys with 1.5 and 2% Be in the region 
300- 400° for short and long periods of 
holding the role of stress relaxation is 
show in the process of the formation of 
the structure of ageing alloys. 

6. On the basis of an analysis of the 
graph for the modulus of elasticity it is 
demonstrated that after the hardness 
maximum a portion of the descending branch 
of hardness graph explains for the most 
part the reverse process of resolution of 
the addition causing the ageing. 

7. A comparison of the calculated values 
of the modulus of elasticity and the 
measured ones for alloys with 2% Be shows 
that at ageing temperatures of 350-450° 
with certain holding periods under the 
influence of the internal stresses the 
dispersion of the a-solution goes further 
than is predicted by the equilibrium 
diagram. 


Translated by J.H. Dempster 


REFERENCES 


1. A collection of articles ‘‘Beryllium and its 
alloys” (Berillii i ego splavy), State Scien- 
tific and Technical Publishing House, Moscow - 
Leningrad (1931). 

2. S.A. Pogodin and N.Kh. Abrikosov, News in 
the field of physical chemical analysis (Izv. 
sektora fiziko-khimicheskogo analiza), 


138 
% 
300 +10. 2 
350 -1.6 
400 -2 
450 ~-1.3 
500 
VOL. 
6 
195! 


Modulus of elasticity of copper-beryllium alloys 


16, 2, 197 (1946). 

3. I.N. Frantsevich, Problems in powder 
metallurgy and the strength of metals (Voprosy 
poroshkovoi metallurgii i prochnosti retallov), 
Akad. Nauk. SSSR, 3, 14 (1956). 

4. M.V. Zakharov, Research into the alloys of 
non- ferrous metals (Issledovaniye splavov 


tsvetnykh metallov), Izd. Akad. Nauk. SSSR, 1, 25 


(1955). 


5. V.A. Krasil’nikov, Sound waves (Zvukovyye 
volny), Gostekhteoretizdat (1954). 

6. M.M. Pisarevskii, Zavodskaya laboratoriya, 
11, 1371 (1951). 

7. AM. Yelistratov, Dokl. Akad. Nauk. SSSR, 
101, 1, 69 (1955). 

8. V.I. Yelyutina, Avtoreferat kandidatskoi 
dissertatsii, Moscow (1953). 


139 
TOL. 
6 
958 


THE X-RAY INVESTIGATION OF GRAIN FRAGMENTATION AND 
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A small number of X-ray investigations 
has been devoted to the study of residual 
distortions and grain fragmentation, which 
arise with static and impact deformation, 
and there are only isolated works devoted 
to the X-ray study of the plastic defor- 
mation of metals at low temperatures [1-3]. 

In the wrks (4-6 ad others] it was 
shown that the mechanism of plastic 
deformation with a static load differs 
from the mechanism which takes place with 
the impact deformation of metals. 

The heat, which arises along the glide 
planes in the process of the indicated 
deformations, is the principal factor 
influencing the changes which take place 
during one or other of tiie forms of 
deformation. 

When the effect of the thermal factor is 
reduced to a minimum, the importance is 
brought out of following the mechanism of 
plastic deformation with impact and static 
lo ads. 

The object of our work was to investigate 
the static and impact compression of metals 
at room temperature and the temperature of 
liquid nitrogen on two metals with consi der- 
ably differing properties (duralumin and 
red copper). 

The carrying out of the deformations at 
low temperatures and the comparison with the 
usual conditions of deformation allowed the 
effect of the thermal factor to be inves- 
tigated in detail. 


* Fiz. metal. metalloved. 6, No.5, 919-928 
1958. 


THE MATERIAL AND PROCEDURE OF 
THE EXPERIMENT 


Industrial duralumin D-1 and copper were 
investigated in the work. The specimens 
were in the fom of cylinders 10 mm in 
diameter and 15 mm in height. 

To remove the cold work obtained during 
the preparation of the specimens, the 
latter were annealed in a vacuum furnace 
at temperatures of 400 and 350° C respec- 
tively for duralumin and copper for 1.5 
hr. The specimens obtained in this way 
were deformed by static and impact compres- 
sion at room temperature and in liquid 
nitrogen. 

The static deformation of the specimens 
was produced on a 60-ton Amsler press, and 
the impact deformation —- on an impact 
machine with a drop weight of 8.5 kg from 
a height of 4 m. 

For the deformation of the specimens at 
the temperature of liquid nitrog@™m a 
specially prepared low-temperature chamber 
was used. 

X-ray photographs were take using an 
electron tube BSVL with a copper anode and 
a nickel filter by back reflection exposure 
with an independent standard x-rayed through 
the second window of the tube. To reduce 
the exposure the chamber KROS-1 was used 
with a variable front support which 
enables the distance between the specimen 
and the tube to be shortened by almost 
twice and simultaneously to bring about 
the rotation of the cassette. 

The specimens deformed in liquid nitrogen 
were also photographed at a low temperature. 
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For this purpose a special low-temperature 
device was prepared which was fastened on 
the back support of the chamber. The X- 
rayed specimen inside the lowtenperature 
chamber was cooled by a constant stream of 
liquid nitrogen. 

Diffraction lines (511) of the specimen 
and (511) of the standard for duralumin and 
the lines (331) of the specimen and (420) of 
the standard for copper were compared on the 
X-ray photograph. 

Together with using the photographic 
method for measuring the intensity of Xray 
interference, the ionization method 
using the apparatus URS 501 was employed. 

The diffraction lines (422) and (111) for 
diralumin and (331) and (111) for copper 
were compared. 

All the microphotographs (obtained on the 
microphotometer MF-2 with an enlargement X 
50), and also the aurves of the X-ray inten- 
sity obtained directly from the recording 
instrument with ionization exposure, were 
treated graphically. 

As the method of hamonic analysis [7-8] 
where the shape of the line is examined was 
used in the work to establish the reasons 
for the broadming of the lines, the Kg - 
doublet was divided into the components a, 
and a, geometrically by the method described 
in [9]. 

When calculating the separated airve Ka 
the Fourier method was used to evaluate the 
distortions of the atomic lattice and to 
find out the dimensions of the grains of 
coherent scattering. The calqlation of the 
coeffici@ts was carried out using “strips” 


[10] . 


RESULTS OF THE EXPERIMENT 


The X-ray analysis of the crystallite 
distortions and the grain fragmentation with 
static and impact deformations at room 
temperature and in liquid nitrogen was 
carried out on the expansion of the Ka 
lines (511) and (422) for duralumin and the 
line (331) for copper. 

The results of the X-ray investigations of 
the line broadening with static and impact 


compression at room temperature and the tem- 
perature of liquid nitrogen are given in Fig. 1. 


08 
ay 
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Fig. 1. Broadening of the line (511) for 
duralumin vs degree of deformation 1 - static; 
2 — impact at temp. of liquid nitrogen; 

3 - static; 4 — impact at room temperature 
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Fig. 2. Broadening of the line (42) for 
duralumin vs degree of deformation. 1 - static; 
2 -— impact at room temperature; 3 - static; 

4 - impact for “relaxed” specimens after 
deformation at the temp. of liquid nitrogen. 


From the reduced data it is clear that 
with the static defomation of dralumin the 
maximum broadening of the line (511) takes 
place for specimens defomed and X-rayed at 
the temperature of liqidnitrog@™m (curve 
1), especially during the initial stages of 
the deformation (up to 25 per cent). 

The maximum expansion of the line is 103, 2 
per cent with 46 per cent compression 
compared with its initial width. The line 
broadening of the specim@ms statically 
deformed at room temperature will not only 
be less (72.4 per cent) with 55 per cent 
compression, but the most intense broadening 
is reached in earlier stages (up to 18 per 
cent)of the deformation. The maximum 
expansion (102 per cent) of the line (511) 
ocairs for specimens deformed by impact 
loads and x-rayed without thermal relaxation 
at the temperature of liquid nitrogen, 
during which the most intense line broadening 
Place in the initial stages of the deformation 
(up to 20-25 per cent). 
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The maximum exymsion of the interference 
line of dralumin defomed by impact at room 
temperature occurs with 49.4 per cat 
compression and is only 526 per cent 
campared with the interference line of the 
standard, where the principal broadeing of 
the line ocairs in the initial stage of the 
deformation ( 10-12 per cent). 

In addition to the investigation of the 
broad@ming of the line (511) for deformed 
specimens of diralumin, the broadening of the 
line (422), obtained by the ionization 
method (Fig. 2.), was studied in the work, 

Since the broadening of the line (511) and 
(422) of specimens defomed at room tenpera- 
ture obeys the general rule, with insignifi- 
cant differences in the numerical values as 
is seen from comparing curves 3 and 4 from 
Fig. 1 respectively with curves 1 and 2 
from Fig. 2, duralumin was studied only as 
regards the (422) line obtained by the 
spectrometer method. 

The broadening of the (422) line of 
duralumin deformed statically and in impact 
at the temperature of liqid nitrogen and 
wamed to room temperature (curves) 3 and 4 
Fig. 2) has the same regularity as the 
broadening of the line in the case of the 
low temperature, but the maximum broad@ing 
reaches respectively 83 and 80 per cant, 
compared with the initial width of the inter- 
ference line of the standard. The maximum 
broade@ing of the line (422) of duralumin 
statically and dynamically deformed at room 
temperature reaches with 46 per cent compres- 
sion only 61.3 and 44.6 per cent respectively, 
compared with the interference line of the 
standard, where the principal broadening of 
the line ocaurs in the initial stage of the 
deformation (10-12 per cent). 

For specimens of copper deformed statically 
at different tanperatures such a great 
difference in the breadth of the lines as 
took place in the investigation of wralumin 
is preserved. The broadening of the line for 
specimens of copper deformed in liqid 
nitrogen is greater than for specimas 
deformed at room temperature. So with the 
maximum percentage of static deformation 
(57. 4 per cent) the broadening of the line 


(331) at room temperature reaches 31 per 
cent, and at the temperature of liqid 
nitrogm it is 44 per cent. 

Comparing the relationships of the 
broad@ming of the interference lines of 
dynamically and statically defomed 
duralumin at different temperatures, itis 
possible to note the essential differmce, 
which appears in the broadening of lines 
depending on the fom and the temperature 
of the deformation. 

If at room temperature with maximum 
percentages of compression the expansion of 
the lines for static deformation reaches 
72.4 per cent, and for impact deformation 
52.6 per cent, campared with the width of 
the line of the standard, then with defor- 
mation in liquid nitrogen the maximum 
expansion of the lines for static and 
impact compression is 103.2 and 102 per 
cent respectively. 

As is known the expansion of the line 
with plastic deformation is influenced on 
the one hand by microstresses and on the 
other by grain fragmentation. In order to 
find out the reason for the great differ- 
ence in the broadening of the line depen- 
ding on the form and temperature of the 
deformation, the reasons which determine 
the broadening of the lines in one case and 
the other must be examined. 

The separation of the indicated effects 
was carried out in the work by using the 
method of harmonic analysis. The results 
obtained by this method of calculation show 
that at room temperature the distortions of 
the lattice reach a magnitude of 1.10 x 
with the static compression of wWura- 
lumin and 0.9 x 107? with impact defoma- 
tion. 

Specimens of duralumin deformed at a low 
temperature had intemal stress of 1.20 x 1073 
for static and somewhat lower (1. 16 x 107?) 
- for impact defomation. 

Consequently impact deformation at room 
temperature produces according to size 
snaller micro-distortions of the crystal- 
line lattice than those which are created 
by static compression. This phenomenon 
can be explained by thermal relaxation. 
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As the process of plastic deformation with 
the dynamic application of load takes place 
extremely quickly, for the short time 

of the impact the heat which concentrates 
along the glide planes cannot be removed. 
For this reason the increase in the 
temperature at the moment of the dynamic 
deformation at room temperature causes 

the partial removal of the distortions 

of the crystalline lattice. In particular 
this is graphically confirmed by the 
experimental data of the low-temperature 
investigations when there is a small 
difference in the magnitude of the micro- 
distortions with static and dynamic defor- 
mations, but they exceed the microdis- 
tortions which form with the deformation in 
the conditions of room temperature. 

In this respect grain fragmentation, 
which takes place apparently because the 
strained grains can withstand only stresses 
of the crystalline lattice which are fixed 
for the given metal, after which there 
occurs a breaking up into finer grains, is 
significant. This.position is graphically 
illustrated in Fig. 3, where the dependence 
of the magnitude of the crystalline grains 
on the degree of deformation of duralumin 
statically and impact deformed at room 
temperature and at the temperature of 
liquid nitrogen. Here in particular the 
effect of the rate and temperature of the 
deformation is shown graphically. In so 
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Fig. 3. Size of the crystal grains vs the 
degree of deformation for duralumin: 
1 -— static; 2 — impact in liquid nitrogen; 
3 - static; 4 impact of “relaxed” specimens; 
5 - static; 6 — impact at room temperature. 


far as the distortions with impact compres- 
sion are partially removed by thermal 
relaxation, the breaking up of the grains 
takes place to a lesser extent (up to 1.80 
x 1075 cm), than for static compression, 
when the grains are reduced to 1.20 x 1075 
cm (Fig. 3). 

However, even with static compression 
there is an increase in the temperature 
along the glide planes, which, although to 
a lesser extent, also contributes to the 
partial removal of crystallite distortions 
of the lattice, while with deformation in 
liquid nitrogen the role of thermal 
relaxation is reduced to a minimum, The 
small difference in the minimum magnitude 
of the grains for static (0.65 x 1075 cm) 
and impact (0.70 x 1075 cm) deformation 
can apparently serve as experimental 
confirmation of the hypothesis of thermal 
relaxation. 

At low temperature the effect of the rate 
of deformation becomes insignificant as is 
seen from the fact that a substantial 
difference between static and dynamic 
compression in liquid nitrogen is not 
observed. 

At room temperature in comparison with 
the temperature of liquid nitrogen the 
relaxation increases, for this reason the 
effect of the rate of deformation is 
considerably greater, but the stresses 
produced by the hardening with compression 
partially lower the relaxation mainly with 
impact compression, as is shown from the 
experimental data obtained. For this 
reason at low temperature the microdis- 
tortions reach a greater magnitude, but 
the grain size is almost twice as small as 
compared with the grain dimensions of 
specimens deformed at room temperature, 

Consequently, the investigations which 
were carried out have to a certain extent 
enabled the nature of that difference 
which exists with the static and dynamic 
deformations of metals to be discovered, 
and the role of grain fragmentation and 
microstresses (crystallite distortions) to 
be determined in the formation of a 
diffraction picture, obtained on the X-ray 
photographs of metals subjected to the 
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indicated forms of deformation at room 
temperature and the temperature of liquid 


nitrogen. 
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CRYSTALS UNDER COMPLEX METHODS OF LOADING* 
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The yield strength of metallic crystals is studied mainly for linear 


extension. 
or not at all. 
the static torsion of single crystals. 


More complex instances of loading are studied to a lesser extent 
For example only a few works [1-5] have been devoted to the 
Only Cox and Sopwith [6], apparently, 


have examined the question of the complex stressed state, and the authors 
limited themselves to obtaining a general expression for the case of the 


face-centred cubic lattice. 


The experimental study of the questi involves difficulties of two kinds. 
On the one hand the experimental method by itself is complex, and on the other 
the theoretical treatment of the question has been completely insufficient, 
although the development of laws for the principle of yield in crystals in a 


complex stressed state is important [7]. 
As a starting position as in the works 


in the gaps as far as possible. 


The object of this work is to fill 


[2, 4, 6], the law of shearing stress is accepted. The dependence of the creep 
strength om the orientation and the strained condition is examined for 
crystals with cubic and hexagonal lattices. 


ANALYSIS OF THE STRESSES IN A GIVEN 
GLIDE SYSTEM 


Plastic deformation of single crystals of 
a metal in the initial stage is carried out, 
as is know, by slip whereas the shearing 
stresses are responsible for its formation 
and further course. For a given glide 
system only that component of the shearing 
force which acts in the plane and direction 
of the slip is essential for this. In this 
connexion the dependence on the orientation 
must be analysed for this component of the 
shearing stress. In a problem of this type 
the method of describing the orientation 
itself is important. With the rational 
crystallographic orientation, that is, when 
the geometrical axes of the specima@ are 
orientated along set crystallographic 


* Fiz. metal. netalloved. 7, No.5, 924-928, 1958. 


directions, it is advantageous to set the 
position of the glide system relative to 
the axes Ox’y’z’, as shown in Fig. 1. We 
notice that the angle w specifies the 
Orientation around the perimeter of the 
single crystal (the shape of a thin-walled 
tube with the longitudinal axis z’ is taken 
for the latter). However, when the orien- 
tation along the perimeter of the specimen 
is constant, and such cases are generally 
possible [7], then the anglew has a 
constant value equal to zero, 

It can be shown that in the general case 
of the stress state (set in the princ.pal 
axes) and arbitrary orientation the 
component of the shearing stress, acting in 
the glide system t - N (t - direction of 
slip, N — normal to the glide plane), can 
be represented in the fom: 

tiy = (a, sin? » + a, cos*w + dg sin w cos » +; 


+ a,sinw + cos 
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where a, are some of the coefficients 
depending on the angles X and A (Fig. 1.) 

and the ratios s,/s and s,/s 
are the principal no rmal where 

As is seen from (1) the shearing stress 
ty is a periodic function of the mglew. 
In Fig. 2a the relations Tw = ¢ (w) are 
show for the case when A = ¥ = 45°, and in 
Fig. 2b when A = X= 90°, Graphs are 
constructed with the constant value sz which 
is the same in all cases, where the sign of 
the shearing stress, as is accepted in such 
cases 1, 3, is omitted. The first orien- 
tation is the most successful with simple 
extension, and the second — with simple 
torsion. As is seen from Fig. 2. the 
shearing stress T w varies periodically 
along the perimeter of the specimen, or 
remains constant, or finally it is eqal to 
zero throughout the extent of the whole 
perimeter of the specimen. It appears that the 
nature of the relation Tw f (w) is 
dependent on the orientation and the fom 
of the strained condition. For example, 
torsion together with extension TiN along 
the perimeter of the specimen remains 
constant with X= A = 45°, while withX = 
A = 90° it varies according to the cosine 
law, returning periodically to zero. 


t 
Fig. 1. To determine the position ot the glide 
system t - N relative to the axes of the specimen 
t - direction; WN — normal to the glide plane; 
X(,) - the angle between the axis z’ and the 
glide plane (direction). 


It is interesting to note that with the 
mutual interchange of t and N, that is when 


the glide direction becomes the direction 
of the normal, and the direction of the 
normal — the glide direction, the shearing 
stress in the glide system preserves the 
magnitude and the sign. 


a 


| | 
| 


| 34,5 | \u 


Fig. 2. Variation in the shearing stress in 

the glide system t - N along the perimeter of 
the specimen: 
1 - simple torsion; 2 - torsion with extension 
(3/s3 = - 0.5); 3 - simple extension; 4 and 
5 - biaxial extension non-uniform (So/ 8x = 0.5) 
and uniform respectively. 


Thus the relation TiN depending on the 
stress state is sufficiently compl] ex in 
the sense thatitsnaturecan vary from case to 
case very significantly. As regards the 
effect of the type of the crystal lattice, 
the relation Ti = f (w) is free from 
that, 


YIELD STRENGTH AT A GIVEN POINT 


When the crystallographic yield strength 
T, is attained by the shearing stress the 
conditions are ful fill ed: 


ty andS3—=S., (2 


if s’, - is the yield strength at a given 
point, 

Bearing in mind (2), we will rewrite (1) 
in the form 


WD, (3) 
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where 


p= ay sin*w + a, cos*w + 


+ dg cos w +a, sin w + COs w. (4) 

Thus, at a given point the yield strength 
is given by the relation (3), 

We notice that the graphs 7,/s’, - w 
completely correspond with the graphs 
T w/sz w, represented in Fig. 2, that 
is the graphs of Fig. 2 describe at the 
same time the dependence of the reciprocal 
of the relative yield strength on the angle 

With the presence of only one single 
glide system the yield strength varies as a 
function of the angle win wide limits, 
However, with several crystal lographically 
equivalent systems of slip the range of 
variation of the creep strength can be 
considerably lowered, as their graphs on 
the diagram Tk/s ‘, ~wcan be displaced 
relative to each other and then they 
overlap. In the sense indicated the yield 


a 


Wid) =t Lif = 


N 


strength at a given point depends on the 
number of glide systems and consequently 
on the type of crystal lattice, in so far 
as the nunber of glide systems in lattices 
of a different type is for the most part 
different. 

The relation 7,/s’, = f (w) for single 
crystals with face- and body-centred cubic 
and hexagonal close-packed lattices is 
shown in Fig. 3 with three characteristic 
Orientations and several stress states. In 
so far as with mutual transposition of ¢t 
and N the glide system [110] - (111) of the 
face centred lattice changes into the 
system [i11] - (110) of the body-centred 
lattice, the graphs of both lattices 
correspond by virtue of the above-noted 
regularity. As is seen from Fig, 3., the 
graphs of the cubic and hexagonal lattices 
under analogous orientations (the axis of 
the specimen corresponding with the normal 
to the glide plane N, or with the glide 
direction t) are different with the excep- 
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The variation of the reciprocal of the relative yield strength 


T,/8’, along the perimeter of the specimen in crystals with cubic and hexa- 


gonal lattices: a - cubic lattice 


b — hexagonal lattice; 


ct: Fie: 2. 
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tion of two cases (torsion and torsion 
together with tension, when the axis of the 
specimen coincides with N). The non- 
coincidence of the graphs is caused by the 
difference in the type of crystal lattice 
For this reason the effect of the orien- 
tation and the stress state on 7,/s/, is 
stronger for the hexagonal lattice than for 
the cubic lattice, 


THE YIELD STRENGTH OF A 
CRYSTAL SPECIMEN 


With the irregul ar distribution of the 
shearing stress around the perimeter the 
creep strength of a single crystal is 
some mean value of s, Its determination 
can be approached in two ways. On the one 
hand s, can be regarded as the average of 
the values of s’,, and on the other - as 
the yield strength corresponding to the 
mean shearing stress (Tw) cp ~ Tk We 
notice that both methods with a relative 
smal] non-uniformity of T along the 
perimeter of the specimen give almost 
coincident results, With considerable 
non-uniformity, when at separate points of 
the perimeter Try Was equal to zero, the 
first method loses its point as the yield 
strength in this method becomes infinitely 
large. The second method gives a final 
value for the yield strength which des 
not contradict reality. For this reason 
the second method was used here, The 
formula for the creep strength is: 

t 
{ pa 
| 
where p has the value (4). 
The relative creep strengths s./T,, 


s,= 


calculated from (5) on the graphs of Fig. 3, 


are show in Fig. 4. As is seen the stress 
state and the orientation influence the 
magnitude $,/ Th: but they are dissimilar 
with different crystalline lattices, The 


effect of the type of lattice leads strictly 


to the latter. 
According to the methods of loading 
examined here, as far as the author is 


aware, the experiments have not been 
carried out, with the exception of simple 
tension and static torsion [2]. 
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Fig. 4. The relative limit of the fluidity of 
the Monocrystal s ff th: 
a — hexagonal lattice; b — cubical lattice. 
See Fig. 2. for the meaning of 1-5. The arrow 
indicates that the limit of fluidity tends to 
infinity, which corresponds to impossibility of 
sliding, 


For the simple torsion comparisons of the 
calculated and experimental values for the 
yield strength have been made previously by 
the author [4], and for the uniaxial tension 
similar data are widely known [9]. 


Translated by J, Murray 


REFERENCES 


. H.J. Goyh, S.J. Wright and D.J. Hanson, Inst. 
Met., London, 36, 173 (1926). 

. R. Karnop and G. Sachs, Z. Phys., 53, 605 
(1929). 

. A. Kochendorfer, Plastische Eigenschaften 
von Kristallen und metallishen Werkstoffen, 
Berlin (1941). 

. P.I. Kukeshov, Dolk. Akad. Nauk, U.S.S.R., 97, 
10.15 (1954). 

. SS Hsu and B.D. Cullity, J. Metals, 6, 305 
(1954). 

. H.L. Gox and D.G. Sopwith, Proc. Phys. Soc., 
London, 49, 134 (1937). 


. SG. Konobeyevskii, Vest. Akad. Nauk, U.S.S.R., 


No.7, 15 (1937). 
P.I. Kuleshov, Prokatnoye proizvodstvo i 
termicheskaya obrabotka stali, (Rolling mill 


VOL 


6 
195 


Yield strength of metallic crystals 


production and the thermal treatment of steel), 9. V.D. Kuznetsov, Fizika tverdogo tela, (Solid 
Metallurgizdat, No.3, p.56 (1955). state physics), Tomsk, 2 (1941). 


149 
6 
.958 


LETTERS TO THE EDITOR 


ANTIFERROMAGNETISM OF TRANSITION METALS ACCORDING TO 


In wrk [1], use was made of the 
collective electron model for the purpose 
of interpreting the antiferromagnetism in 
transition metals, the d-band being chosen 
in the standard parabolic form. However, 
in anumber of cases, the parabolic band 
form is not a close approximation to the 
real band. A rectangular [2] bend, ora 
cubic parabola [3] approach, is in some 
cases, much nearer to the real band fom. 
Since the structure of the @-Mn andCr 
bands is unknown, it is of interest to 
consider other band types and to determine 
to what changes in the antiferromagnetic 
material. properties this may lead. We 
shall consider the case of a rectangular 
band, i.e. we shall assume that y(€) = 
€ ,\/2, where, N - number of electrons, 
Sion Fermi energy. Then, instead of 
equations (3.1) and (3,2) in reference [1], 
which define the behaviour of an electron 
system, we shall have that: 


kT l 


kT 1 (1) 


— — 


where, ¢, and relative magnetiza- 
bilities of the sublattices, and 


THE MODEL OF COLLECTIVE ELECTRONS* 
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( 2) 


F(z) = fx [exp (x —z) +1]7' dx 


is the Fermi-Dirac function of n order, 
Antiferromagnetic order. For the 

magnetizability { of sublattices when no 

external field is present, we get that 


1+ 0=tF,(4 + 08/2), (2a) 
where, oe is the reduced temperature, 


while + is the reduced sum of 
the exchange interaction parameters; in 
what follows, @ will be called simply the 
parameter. The asymptotic solution of 
equation (2a), close to the absolute zero 
and to the helium temperature, is 


T +0, 
= T > Oy, 


where, 6, is the helium point (the reduced 
helium temperature being ty = k €.) 
defined hy the equation Y ty =- In(1-Y@). 

The intensity of the superlattice 
diffraction lines as obtaining during 
neutronographic examination of anti ferro- 
magnetics is proportional to (7. Using 
equation (2a), a graph was constructed of 
¢? in function of temperature. It was 
found that the curves for 9 = 1.04, 1.1 and 
1.15 give a somewhat better agreement with 
the experimental data as reported in work 
[4], as regards the intensity of the anti- 
ferromagnetic diffraction lines, than that 
shown by Lidiard’s curve for a parabolic 
bend [1]. 

Paramagnetic susceptibility, From equation 


( 2b) 


= 
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(1), we get, instead of the equation (3. 12) 
in work [1], that: 
=[2Fo + 


fo 
[2Fo(n — & (8, — 


Above the helium point, this expression 
leads to the usual paramagnetism of the 
electron gas with exchange properties, 

The temperature dependence of expression 
(3) is almost the same as for the case of a 
parabolic band, It is easy to see from 
equations (3) and (2) that: 


3) 


Xn (T = 0) = 0 andy: = (3a) 


The perpendicular susceptibility is 
N/2k For ‘powdered’’ 
susceptibility we get the following known 
relationship: ,(0)/xp = 2/3. 

Heat capacity. The total intemal energy 
of the electron system is given by the 
expression 


= (4 + + 


(4) 
+ Fy (1 — 008. 


The electronic heat capacity is obtained 
by differentiating the above equation with 
respect to temperature, Instead of quoting 
here the rather complicated expression thus 
obtained, we shall limit ourselves only to 
giving the results. For T—~+0, we have 
that C/N, = *n*/6e9-T . For a-Mn, the 
value of Y is 3,29 x10"? cal/mol. degree 
[5]. Hence, €./k = 1000°. Just as in the 
case of a parabolic band, at the helium 
point there is, instead of a heat capacity 
peak, a break in the heat capacity curve. 
The value of the heat capacity jump at the 
helium point is AC/Nx = 1)/t,(28—1). For 
various values of the parameter @, the 
following heat capacity jumps are obtained 
(in cal/mol. deg.): 


$= 1,01; 1.1; 1.15; AC=0.27; 1.37; 1.61. 
Summarizing the results obtained, it can 


be said that the form of the band has little 


effect on the temperature dependence of the 
antiferromagnetic order and on the para- 
magnetic susceptibility and, that on the 


other hand, a change in the band fom 
exerts a considerably effect on the heat 
capacity. In particular, the value of 
heat capacity jump at the helium point was 
found by us to be higher by two orders 
than that reported in work [1]. This 
difference is conditioned by the fact that 
in work [1], the value of the heat capacity 
jump is expressed in terms of the mean 
atomic magnetic moment whose value was 
assumed to be very smal] (0.1). But, as 
it follows from work [6], magnetic moment 
determinations from the neutron diffraction 
data are, at present, rather inaccurate and 
it is clearly not permissible to assume 
that ina- Mp there exist identically small 
mean magnetic moments at the crystal 
centres; indeed, it is perhaps more 
probable that different in value and equal 
to integral numbers magnetic moments are 
present at the centres in question. There- 
fore, the determination of the heat 
capacity jump as made in work [1], is not 
very convincing. Experimental data 
regarding the anomalous heat capacity of 
a- Mn at the helium point are rather 
contradictory. On the one hand, Shomate 
[7] found that AC = 0.37 cal/mol. degree 
and, furthermore subsequent measurements 
showed no anomaly in the heat content at 
the helium point [1]. Consequently, the 
question of a comparison between the 
theoretical and experimental data is, to a 
great extent, as yet open. In order to 
avoid a break in the heat content at the 
helium point is is, clearly, necessary that 
in distributing the energy to the magnetiz- 
ability degrees the higher terms be also 
taken into account, in a way analogous to 
that with ferromagnetism [8]. Furthemere, 
in postulating a more accurate theory it is 
also necessary to take into account the 
splitting and overlapping of the ad and 
s-bands. It is difficult to anticipate the 
results to which this might lead. 


Translated by H, Cygielski 
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ON TAKING INTO ACCOUNT THE INTERACTION BETWEEN 
THE CURRENT CARRIER AND AN 


IONIC CRYSTAL 


IN TERMS OF THE POLY-ELECTRON THEORY 


a consideration was made of 
the following simplified model of an ideal 


In work 1, 


ionic crystal: no electrons are present 

in the basic state at the centres of type 

g, and at the type f centres there are 
present two electrons with opposite orie@mta- 
tion of the spins. A study was made of the 
energy spectrum for the weakly excited 
states of such a system, associated with a 
reduction in the heterogeneity in the 
charge distribution and with the appearance 
of elementary excitations corresponding to 
the “conductance electrons’’ in the case of 
a mono-electron mode] (which in what follows 
will be referred to simply as electrons), but 
the electronic and lattice sub-systems as 
regarded as independent and no interaction 
between them was taken into account, 

The purpose of the present work is to 
investigate the energy spectrum for the 
weakly excited states of an ionic crystal 
(within the mode] mentioned above) but for 
the case of a strong interaction between 
the electrons and the ionic lattice: the 
deformation and displacement of the ions, 
brought about in consequence of an electric 
field associated with the moving charges, 
are considered to be essentially Hamiltonian. 
The starting Hamilton of the problem is in 
the following form: 


+ (7) + ir, + 
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where, h - Planck’s constant; the first 
term of the above expression represents 
the operator of the electrons kinetic 
energy; the second term represents the 
potential energy of the electrons in a 
periodic field created by the nuclei and 
intemal electrons in the crystal; the 
third term represents the interaction of 
electrons, while the fourth term repre- 
sents the interaction of electrons with 
the crystal inertial polarization created 
by them and, for an approximate dielectric 
continuum this term can be written dom, 
as suggested in work [2], in the following 
fom: 


qx) = Ax exp Ax = 
ix 


ho,C, 


Finally, the last term in equation (1) 
is the operator of the crystal ions standard 
oscillations. In equations (1) and (2) 
use was made of the following symbols: am 
- electron mass, n* - square of the index of 
refraction of light, x and w, — wave 
vector and the frequency of phonons, respec- 


tively ¢(,) - dielectric constant and 


n2 € 
In the polarons theory, the interaction 
with a polarized crystal of the type as 
given in equation (2) was considered for 


what is known as ‘“‘excess electrons’’. In 
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our particular case, we are concemed with 
the crystal’ s own electrons, i.e. the former 
valency electrons shared in the crystal lat- 
tice and therefore it is assumed that equation 
(2) holds also for these types of electrons if 
the interaction between them is taken into 
account. However an interaction between the 
electrons may affect that occurring between 
each single electron and the oscillations of 
the crystal lattice. Nevertheless, in the pre- 


sent calculations, which have a rather explora- 


tory nature, this correlational effect, which 
involves the mutual interaction between the 
electrons, will be ignored, In our opinion, 
this assumption should not alter essentially 
the course of our calculations, since it is 
only the concrete form of equation (2) that 
can be affected, 

In what follows, the electronic sub-system 
will be defined by the concept of secondary 
quantization, in which the energy operator 
(1) takes on the following fom [3): 


+ 


an? 


1 


| ao 


iy 2 
On the assumption that the electrons move 
at a velocity that is much smaller than that 
of the strongly bound internal electrons, but 
whose value is much higher than that of the 
heavy ions, we shall make use of the double 
adiabatic approximation, which was considered 
in detail by Pekarov [4]. The state of 
electrons is defined from Schrodinger’s 
equation by the Hamilton: 


= (aa”) ay ae + 


an? 


} 
+ (214921 dy’ + (4) 
% as 


+ K(aa’x) at ay 


aalx 


In arriving at the solution of the above 
equation, it is assumed that the ions 
oscillate close to the equilibrium positions 
q°,, corresponding to the minimum of their 
potential energy. In zero approximation, we 
shall substitute the ions co-ordinates in 
equation (4) by the equilibrium ones and 
then small deviations from the equilibrium 
position will be introduced in the fom of 
excitation. The assumption made (neglecting 
terms higher than those of the first order 
in the expansion of the ions displacement 
according to the (q, — q°,) levels) means 
that, under the action of the electronic 
sub-system there will be a displacement of 
the ions equilibrium position but that the 
frequency of their oscillation remains 
un chan ged. 

The specific values of the Hamilton (4) 
are found by the method developed in work [5] 
and used in investigations [1] in connexion 
with the same model of ionic crystal; 
equation (4) is expanded for three smal] 
parameters with an accuracy of up to the 
third order and then the Hamiltonian is 
diagonalized so that, in this way, a 
determination is made of the energy spectrum 
of the weakly excited states of the system 
of electrons, 

Specific energy values of the systen 
electrons enter as the potential eergy into 
the Hamil tonian of the ionic sub-system: 


” i o? 
By minimizing the ions potential energy, it. 
can be easily calculated that the equilibrium 
co-ordinate of the ions q°, is: 
> K (aa'x) a* 
aa’y 
qx ho, 
where, the numerator of the right-hand side 
of (6) represents the contribution to the 
specific energy value of the system of 
electrons made by the coefficient of q, in 
the last term of Hamiltonian (4). After 
simple transformation of the Hamiltonian (5), 


it its obtained in the form: 


H’ =») L (a2') az 


aa? 
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Summation with respect to x of the last 
but one term in equation (7), whiist 
neglecting the dispersion of frequencies, can 
be done easily by the use of integration. 

The physical sense of the transfomations 
from equation (1) to (7) lies in that it has 
become possible to separate the electronic 
and phonon co-ordinates in equation (7) with 
the help of adiabatic approximation, although 
the effective mass of the current carriers has 
been changed in the process, as well as did 
the centres of the ions vibration. According 
to the adiabatic approximation, the specific 
values of Hamiltonian (7) represent simul ta- 
neously the eergy levels of the whole system, 
while the wave function is the product of the 
electronic and phonon functions of the sub- 
sy stem, 

The last term in equation (7) corresponds to 
free oscillations of the phonon field (Bose 
branch of the spectrum) and the last tems 
represent the energy of the elementary 
excitations of the Fermi types £, and Ey, 
which in contradiction to what was postulated 


in work [1] depend not only on the quasi- 
impulses of the elementary excitations, but 


also on the ions equilibrium positions a 
and they correspond to the electronic and 
‘hole’’ polarons in the mono-electron theory 
[2]. All the deductions regarding the 
properties of these elementary excitations, 
which were derived in work [1] are correct 
and, in particular, the deduction regarding 
the zonal structure of the polaron energy 
spectrum (compare with regard to the mono- 
electron theory, the conclusions reached in 
work [6]). 

The author wishes to thank SV. Vonsovski 
for checking the manuscript and making 
valuable suggestions, 
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The problem of line width of the ferro- 
magnetic resonance has been dealt with in a 
number of investigations [1 - 4] concerned 
with a study of the various relaxation 
processes in ferromagnetic materials. Kittel 
and Herring [5] and Ament and Rado [6] showed 
that an exchange interaction can lead to a 
widening of the resonance lines if the 
magnetic moment is heterogmeous. This 
heterogeneity appears, in fact, in ferro- 
magnetic metals as a result of the spin- 
effect (the presence of finite conductivity 
on its own and without consideration of the 
exchange interaction, does not lead to a 
widening in the resonance lines). 

In the present note, an assessment is made 
of the extent of the widening of resonance 
lines widening on the basis of simple 
physical concepts. The results thus obtained 
are then generalized to include the case of 
an anomalous spin effect [7]. 

Let us consider a ferromagnetic plate, 
situated in a magnetic field H which is 
parallel to its surface: 


H =H, +H’ exp (iwt), (1a) 


where, Ho — constant and homogenous magnetic 
field; H’ - amplitude of variable field _ 
directed perpendicularly with respect to Ho. 
The high frequency properties of such a 
plate are defined [8,9] by the magnetic 


susceptibility: 
2 


2 


1 
w? + 2iwy 
where », = gBo, », = gV — gyromagnetic 
ratio; B, = H,+4nxM, (M, — magnetic moment of 
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saturation); : -— line width, equal to the 
sun of and which depend on the 
relaxational processes and on the exchange 
interaction 


T= (2) 


It should be noted that the true resonance 
frequency differs in fact from w,, since an 
exchange interaction leads to a shift in the 
resonance frequency. However, this effect 
can be ignored in determining the line width. 
The width Y,, conditioned by the exchange 
interaction, is associated with heterogeneity 
of the effective magnetic field in the 
specimen and, as it can be easily show, its 
order is equal to 

ie 

In the above expression we have: @. - 
Curie temperature, in ergs, a — lattice 
constant and 6- penetration depth by the 
electromagnetic field: 


(3) 


V (w) (4) 
where, o — electrical conductivity of the 
ferromagetic material studied, and j«- its 
magnetic susceptibility as defined by 
equation (1). 

From the system of equations (1), (3) and 
(4) it ts now possible to determine Ye as a 
function of the ferromagnetic material para- 
meters and of the frequency w. When reso- 
nance is present, we have that w=wW , and we 
find that 
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Since y, diminishes with diminishing The overall width can have a minimum since 
temperature values, while the value of increases steadily, while Y, steadily 
increases with temperature reduction, in the decreases as the temperature is reduced. 
range of low temperatures, the line widening However, this minimum can be found only with 
brought about by an exchage interaction very pure test specimens. 
plays a major role. Considering that It would be of interest to check experi- 
ao sec~1 and that ~ 10°13 ergs, mentally not only the validity of the 
we find that: expressions (5) and (6), which determine Y in 

function of resistance, length free path and 
Q (5a) a number of other variables, but also the 

At low temperatures, the length of the dependence of the penetration depth on the 
electrons free path | increases appreciably ferromagnetic material parameters when w = 
and, in the case of sufficiently pure test @, 
specimens, its value is oonsiderably greater The value of 5 is determined according to 
than that of the penetration depth. In such equation (3) by the following expressions: 
circumstances, it is necessary to replace 
by the effective conductivity tet >! 

Let us now substitute the above expression ae 
in equation (4). By solving the system of uy" % 8<l, 
equations (1), (3) and (4) we arrive at the S 
following expression in the region of the 
anomalous spin effect: | 


(8) 


ct cl (6) 
On comparing the above values of y*% with 
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Hirsch, Home and Whelan [1] claim to have 
been successful in observing directly the 
dislocations appearing in thin a] uminium 
foils rolled down to a thickness of 0.5 
and then, after vacuum annealing, subjected 
to etching in a very dilute solution of 
hydrofluoric acid, The electron micrographs 
quoted in the work of the above authors can 
equally well be regarded as showing the 
coagulation of micropores on block boundaries 
of polygonized aluminium, In fact, the 
authors of the present note observed, during 
a study of rock polygonization, that coagula- 
tion of pores appeared also in the boundaries 
of polygonized crystals obtained by annealing 
of cold-worked test specimens [2], A com- 
parison of the micrographs of polygonized rock 
salt with the electron micrographs of aluminium 
foil, as reported in work [1] (Fig. 2), proves 
that they are strikingly similar. In spite of 
the fact that, in both cases, the mutual disori- 
entation of adjacent blocks is almost identical 
(1 - 2°), the distance between defects located 
in the block boundaries is different by a 
value of three orders when calculated according 
to the difference in the magnifications used 
(magnifications of 400 and 100,000). 

An analogous coincidence of the electron 
microscopic and optical micrographs was 
obtained previously during an investigation 
of slip bands in rock salt [3]. Much finer 
Slip bands can be detected in the electron 
micrographs, but their structure and charac- 
ter resemble the coarser slip bands usually 
observed with the help of an optical micro- 
scope under low magnifications, It is likely 
that both types of slip bands appear under 
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the action of mechanically similar conditions, 
whose presence is possible only in a 
continuum, This kind of analogy is rather 
difficult to imagine under the discontinuum 
conditions, 

Turning back to the question of pores 
present in the boundaries of polygonized 
crystals, it can be affirmed that, in this 
case, in spite of differences in the degrees 
of magnification, there is a complete 
similarity between the phenomena observed 
optically in crystals transparent with 
respect to the visible light and those 
observed under an electron microscope in the 
case of specimens of polygonized aluminium 
crystals, which are also transparent to a 
beam of electrons, In many cases, no pores 
were observed in block boundaries of poly- 
gonized rock salt, this being associated 
with the absence in such test specimens of 
the required number of vacancies. It could 
be assumed that the difference in test 
results, as obtained in investigations [1] 
and [4], when, in this latter case, no 
dislocations were found to be present (and 
no pores, either) in the aluminium foil 
test specimens prepared by rolling and 
electrolytic etching with intermediate 
annealing, should be ascribed to an insuf- 
ficient extent of the specimen saturation 
by vacancies, This may arise in consequence 
of the fact that the test specimens, as used 
for the first investigation, were rolled 
down to a thickness of 0.5, whereas in the 
second investigation, the mechanical working 
of the test specimens was completed by 
rolling to a thickness of 125u. 

Lines, marks and various other markings are 
easily discernible inside the individual 
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crystal] blocks in the micrographs reported in 
work [1]. Al] such markings are regarded as 
dislocation lines, as dislocation traces on 
the foil surface and as intersection points 
between various dislocations. 

However, the markings reported (see Fig. 1) 
could also be interpreted as being due to 
heterogeneities created inside the crystal 
blocks during the process of deformation. 
During annealing in the microscope under an 
electron beam, these heterogmeities can 
serve as collecting points for the vacancies 
present, which form complexes and a part of 
which can migrate to the block surface. 

Thus, in our opinion, the test results 
obtained in investigations [1] cannot be 
regarded as an absolute proof of the presence 


of dislocations in the test specimens inves- 
tigated. 


Translated by HK. Cygielski 
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In investigations [1] and [2], a method 
was described of separating isolated marten- 
site from quenched steel by anodic dissolu- 
tion. This procedure was also employed in 
the present investigations whose purpoSe was 
to compare the processes of martensite de- 
composition in a compressed test specimen 
with that occurring in isolated martensite 
crystals, 

Powdered martensite was obtained from 
quenched carbon steel U 10 (1.02 %C). 
Cylindrical test specimens, with a diameter 
from 0.6-0.8 mm, were pressed from 
powdered martensite. For comparison 
purposes, X-ray radiographs were also made 
of dense thin test specimens, 0.8 mm in 
diam, remaining after electrolysis. 

The martensite X-ray diffraction lines 
obtained with powder specimens are less 
diffuse than those produced hy thin but 
dense specimens. This points to the fact 
that the second order stresses in isolated 
martensite, which are responsible for the 
diffuse nature of the interference lines, 
are much lower thereby confirming the 
earlier conclusions as reached in investiga- 
tions [1, 3]. 

In order to investigate the characteristic 
features of isolated martensite decomposition 
during the process of annealing, both the 
dense specimen and the martensite powder 
were heated simultaneously at various tem- 
peratures at which they were maintained for 
5 min and, in addition, the same test 
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specimens were maintained for various 
periods of time at the temperature of 100°C, 

The lattice constants c and a, as wel] as 
the crystallographic axes ratio c/a, were 
determined from the radiographs in terms of 
the distance between the doublet (112)-(121, 
211) lines. For this purpose, photometric 
measurements were made in a recording micro- 
photometer MF-4, at the magnification of 1.5. 

The distance between the corresponding maxima 
in the photometric curve wasmeasured, with an 
accuracy of 0.05 mm, by means of the OZA-2 compar- 
ator. 

During the measurement of the tetragonal 
lattice constants, annealed Armco-iron shavings 
were used as a reference standard. 

The concentration of carbon in the solid 
solution was determined from the relationship: 


_ cja—1 


0.0467 () 


where, C — carbon content in martensite (in 
per cent by weight) andc/a is the tetragona- 
lity degree of the martensite crystal lattice. 

The results obtained in such measurements 
are given in Figs. 1 and 2. 

Values of a, C and c/a for powdered test 
specimens were calculated as mean data ob- 
tained from a study of 15 radiographs. 

As it follows from Figs. 1 and 2, the 
reduction in tetragonality as obtained with 
powdered test specimens is much more rapid 
than is the case with a test specimen in the 
form of a solid piece of quenched steel. 

This means that, during annealing of isolated 
martensite particles, the rate of the process 
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of carbon precipitation from the solid 
solution is much more rapid, or in other 
words, under identical annealing conditions, 
that more carbon isheldinthe solid solution 
(in martensite) in the solid test specimen 
than in the powdered one. If it is accepted 
as postulated by Houdremont and Krismen [ 4] 
and other investigators, compressive stresses 
appear in the residual austenite in quenched 
steel, then such stresses should be balanced 
by the tensile stresses produced in marten- 
site, which clearly disappear if the marten- 
site crystals are isolated, In fact, the 
lattice constant c of martensite in quenched 
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Fig. 1. Variation in the tetragonality degree 
and in the martensite lattice constants in 
function of annealing temperature. Annealing for 
5 min. Steel U 10. 
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Fig. 2. Variation in the tetragonality degree 
of martensite in function of annealing duration. 
Annealing temperature of 100°C. 1 —- Test 
specimen 2 — Powder. 


steel has the value of 2983 A in the compres- 
sed test specimen and 2969 A in the powdered 
form of the same specimen, Consequently, 

the tensile stresses present enlarge the 
crystal lattice of martensite with a conse- 
quent tendency to hold carbon in the solid 
solution, 


Translated by kK, Cygielski 
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Previously [1], with an alloy containing 
0.05% C 9.70% Cr and 13.73% Ni, having a 
martensite point T, = -10 - 20°C, the presence 
was established of strong stabilization of 
austenite due to isothermal soakings at 300, 
400 and 300°. 

Increasing the soaking to 260 hr at 400 and 
500°, and also increasing the temperature of 
isothermal treatment up to 600°, led to the 
reverse phenomenon — the destabilization of 
the austenite. 

Since the isothermal treatments were not 
accompanied by a visible separation of the 
carbide phase, it was suggested that the 
phenomena of stabilization and destabiliza- 
tion are connected with an internal] redistri- 
bution of carbon in the austenite lattice [2]. 

To check the effect of carbon on the 
stabilization, magnetometric samples of 
diameter 3 mm, prepared from this alloy, were 
subjected to lengthy decarburization at a 
temperature of 1100° in hydrogen, and then 
in a vacuum (10°* mm Hg). After cooling the 
decarbonized samples in liquid nitrogen and 
heating to 1100°, the martensite point T, of 
the decarburizated alloy was found to be 
180-190°. 

The increase in the martensite point 
from -10- 20 to 180 - 190°C indicates that the 
decarbonization, achieved by treating the 
samples in hydrogen and in a vacuum, is 
sufficiently complete, 

To study the stabilization of austenite in 
a decarburized alloy at temperatures above 
the martensite point, the samples were cooled 
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in liquid nitrogen, then heated to 1100° with 
20 min soaking and transferred to a salt 
bath with temperatures of 400, 500 and 600°, 
where they were soaked for times varying 
from 1 to 24 hr, after which they were 
cooled in a magnetometer to room temperature. 


S 


S 


Magnetometer scale reading, mm 


200 160 120 80 40 YY, 
Temperature, °C 


Fig. 1. Curves for the martensitic transformation 
on cooling the samples to room temperature: o-o-9 
cooling to 1100° without soaking; point in the 
circle - soaking at 500° - 1 hr; 

o-o-o soaking at 500° - 4 hr; 


e-e-e soaking at 500° - 24 hr. 


Fig. 1 shows curves for the marten- 
sitic transformation, obtained after soaking 
at 500°, in comparison with a martensite 
curve of a sample which had not been subjec- 
ted to isothermal treatment. Analogous 
results were obtained both after isothermal 
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treatment. Analogous results were obtained 
both after isothermal soaking at 400 and at 
600°. 

The martensite curves of samples which had 
been subjected to isothermal treatment agree 
with those of the samples which had not been 
so treated; this shows the absence of any 
stabilization due to soaking of the y-phase 
at temperatures of 400, 500 and 600°, 

Since, after removing the carbon, the 
stabilization is absent, it can be said that 
the strong stabilization observed in this 
alloy before decarburization in paper [1], 
is due to the presence of carbon and its 
redistribution in the austenite lattice 
during isothermal soakings above the marten- 
site point. It may be supposed that the 
stabilization is explained by the removal of 
existing lattice distortions due to the 
rising diffusion of carbon atoms, and 
destabilization by the formation of sub- 
microscopic particles of carbides [3]. 
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Fig. 2. Curves for the martensitic trans for- 
mation on cooling to room temperature and the 
temperature of liquid nitrogen: 


1 - direct cooling from 1100°; 2 - cooling from 
700° after a single cycle of direct and reverse 
martensitic transformations; 3 -— cooling from 
700° after a 5-fold cycle of direct and reverse 
martensitic transformations. 


In the same alloy containing 0.05% C, 
stabilization of austenite was also observed 
[1], occurring as the result of direct and 
reverse martensitic transformations (phase 


hardening). 
Removal of carbon, due to the treatment of 


the samples in hydrogen and vacuum, did not 
cause the austenite (y -phase) to lose its 
capacity for stabilization due to phase 
hardening, After cooling the samples in 
liquid nitrogen (direct transformation) and 
heating to 700° (reverse transformation), 
stabilization of the y-phase is observed 
with respect to the martensitic transforma- 
tion, in subsequent cooling to room tempera- 
ture or in liquid nitrogen (Fig. 2), similar 
to that previously obtained in paper [1], 
but rather weakly defined, 
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Fig.3. Martensite curves for isothermal 
transformation at room temperature: 


1 - after cooling from 1100°; 2 - after a 

single cycle of direct and reverse martensitic 

transformations. 


However, stabilization from phase hardening 
shown in Fig, 2, is temporary, due to the 
high temperature of the martensitic point 
A is the decarbonized alloy, On soaking 
the stabilized samples at room temperature, 

a strong isothermal transformation takes 
place in them, as a result of which the 
amount of martensite increases and gradually 
approaches the amount of martensite obtained 
in the isothermal soaking of a non-stabilized 
sample, cooling from 1100° (Fig. 3). 

On the basis of these experiments it can 
be concluded that: 

1. For the stabilization of austenite by 
isothermal soaking above the martensite 
point, it is essential to have carbon in 
the alloy (nitrogen). 

2. For the stabilization of austenite as 
a result of the direct and reverse mar- 
tensitic transformation, the presence of 
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carbon (nitrogen) is not essential. 


The authors are grateful to V.D. Sadovskii 
for his advice in this work. 


Translated by J. Thompson 
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(Received 26 June 1956) 


A study of the influence of plastic 
deformation on the properties of metals can 
provide information on the role and reaction 
between one and another different type of 
defect in the crystalline structure. One of 
the appearances of such a type of reaction 
can be the deformation of metals during 
repeated annealing. This phenomenon consists 
of the fact that if the metallic sample is 
subjected to repeated quenching from a high 
temperature, or is subjected to repeated 
cycles of heating and cooling, above and 
below the temperature of polymorphic trans- 
formation respectively, then it is deformed, 
being extended in one direction and shortened 
in the other. 

To study the mechanism of this phenomenon, 
the authors investigated the influence of 
repeated quenching from various temperatures 
on the extension of thin wire samples: of | 
silver, gold, platinum and an alloy of 
platinum + 10% rhodium. 

A preliminary investigation, made with 
silver, showed that at constant temperature 
of quenching, the extension of a thin sample 
is proportional to the number of thermal 
cycles in the first approximation. 

Fig. 1 gives the graphs for the temperature 


AL 
dependence of the deformation (=) for the 
0 


objects studied. On the abscissa axis are 
the values of = , where T, is the quenching 
temperature, and n the ordinate axis are 


L 

the values of =, where L, is the initial 
0 

length of the sample, All the changes in 
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Fig. 1b. 


deformation refer to a constant number of 
thermal cycles, The shape of these curves 
satisfies the relationship 


AL U 
— =Aexp(— —), 1) 
Lo P| kT; 
where A and U are certain constants, depen- 
ding on the material, 
Assuming that microscopic deformation is 
caused by excess concentration of vacancies 
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U 
N exp _- obtained after each 
3 
quench, and hy the character of their move- 
ment due to reaction with dislocations, we 


obtain 


, Up 
exp(— (2) 
3 


0 


where N is the number of atoms in em}, U, is 
the energy of formation of the vacancies, 
The data given in Table 1 show that the 
numerical values of U, determined from 
experiment according to equation (1), are 
close to U, — the energy of formation of the 
vacancies, 

To explain the direction of the deformation 
of the wires, one can start from the dis- 
location mechanism of deformation. It is 
supposed that the vacancies originate most 
easily at the dislocations [1]. The latter 
are not only sources, but also sinks for 
vacancies, During quenching, stresses arise 
which, in the case of thin wires, are greater 
in a radial direction than along the axis of 
the sample, 

These stresses are connected with the 
formation of new dislocations, i.e. of addi- 
tional sinks for the vacancies, The stresses 
can be removed by annihilation of the 
vacancies with dislocations, which takes 
place in the subsequent repeated heating 
after quenching. In the case of wires with 
diameter approximately equal to the grain 
size, as a result of removing the stresses, 
the excess vacancies can come out at the 
surface of the crystal. However, this should 
be compensated hy the movement of atoms in 
the opposite direction, as a result of which 
the sample is extended along its axis and 


TABLE 


shortens in the transverse direction, 

If n. represents the number of jogs per 
unit of length of dislocation, being outlets 
for the excess vacancies, then the elementary 
deformation caused by this is expressed [2] 
in the following way: 


b2 
An, (3) 
nj 
where 6b is the Burgers vector. From a 
comparison we obtain 


U 


Comparing (1) and (4), we get 
vb2N 


A=—. 
nj 
According to [3], the average number of 
dislocation jogs per unit length caused by 
the deformation, 


n, = fIN., (6) 


where f is some coefficient, less than unity, 
representing the effective number of points 
which are outlets for the vacancies, l is 
the length of free path of the dislocation, 
Nq their density. From formulae (5) and 
(6), it is possible to evaluate the density 
of the dislocations: 


(6a) 


if an assumption is made with regard to the 
value of the free path 1 (half of the dis- 
tance from the source of the dislocation to 
the barrier), Ifd is the distance between 


1 


U, 
K cal/mol 


Uy, 
K cal/mol 


Platinum + 10% rhodium 21.6 


15.9 
16.4 
27.2 
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the active slide planes, the average distance 
between the dislocations will be (dy % 

This distance is of the order of ~ 107 ‘cm, 
Then ld = 10~8cm?, The distance between 
active slide planes, from electron microscope 
data, is of the order of 100-1000 & Hence 

l ~ 10°3cm, and the density of dislocations 
calculated from these data is of the order 
of 1011cqn~? (see Table 1), agreeing satis- 
factorily with the calqalation from other 
methods. 


Translated by J. Thompson 
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THE GROWTH OF MONOCRYSTALS OF LOW-MELTING METALS* 


V.A. LABZIN and V.V. BAZHENOV 
The Saratovsk Teaching Institute 
(Received 10 May 1957) 


The method of zone melting, proposed hy 
Likhtman and Maslennikov for the growth of 
monocrystals of low-melting point metals [1], 
gives a fully determined distribution of 
mono-crystals along the orientation of acting 
elements of slip, characterized by the 
presence of preferential orientation. 


Zz. 


| 


Degrees 


Fig. 1. 


This preferential orientation (maximum of 
the distribution curve) depends on the rate 
of movement of the furnace and the closer to 
the optimum (Yo= 45°), the less this velocity. 
This regularity appears particularly clearly 
in monocrystals of the hexagonal system (Zn, 
Cd, Mg), having a single slip plane — the 
base of the hexagonal prism, Fig. 1 gives a 
diagram for the distribution of zinc mono- 
crystals with angle of inclination of the 
base to the axis of the samples with rate of 
movement of the furnace of about 2 mm/min. 

Under these conditions, preferential 
orientation was in the range 5-15°, 

We developed a simple method for preparing 
monocrystals with a given preferred orien- 
tation for any rate of movement of the fur- 
nace, based on the method of zone mel] ting, 
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Fig. 2. 


The proposed apparatus for the growth of 
monocrystals of low-melting metals consists 
of an electrical furnace whose coil is in 
the form of a triangle. Its long side is 

50 mm, and the short side 8 mm The fumace 
is fastened to a movable trolley, put into 
motion by a motor with sufficiently slow 
speed, In the opening of the furnace there 
is a stee] plate 30 mm wide, 250 mm long and 
1.5 mm thick, fastened in a stationary 
support, ‘The polycrystalline wire of low- 
melting metal, bent at a certain angle, is 
placed on the steel plate, The bend of the 
polycrystalline wire is the essence of our 
proposed method, Experiment shows that the 
orientation of the slip planes is preserved 
unchanged with respect to the initial axis 
of the wire, also in the cases when the 
direction of the wire changes, Consequently, 
ty bending the wire in a certain angle, we 
thereby change hy this angle the inclination 
of the acting slip elements to the axis of 
the sample in the bent part of the wire, 
Fig. 2 shows a diagram for the distribution 
of zinc monocrystals by angle of inclination 
of the base to the axis of the bent (at an 
angle of 45°) part of the wire with a rate of 
movement of the furnace of about 2 mm/min 
(the same conditions as for the unbent wire, 
Fig. 1). It can be seen from this diagram 
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that the preferred orientation changed in 
accordance with the change in direction of 
the bent part of the wire. 

According to the conditions of heat removal 
from the freezing metal, the plate should be 
made of low carbon steel. Monocrystals 
cannot be prepared using a copper plate, To 
avoid the formation of cracks during the 
bending of the polycrystalline zinc wire, it 


should be bent on a mandrel heated to ~ 
250°. 


1. 


Translated by J. Thompson 
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THE JOINT DIFFUSION OF CARBON AND NITROGEN 
INTO CHROMIUM* 


V.N. KONEV 


The Gorkii Urals State University 


(Received 29 May 1957) 


On the basis of studies of the reaction 
diffusion of carbon into chromium [1-3], it 
can be concluded that in chromium during 
carbidization there form three successively 
placed layers of carbides of chromium Cr C,. 
Cr c, and Cr,.C,. Investigations of the 
oxidation of chromium in air [4] showed that 
the nitrogen of the air, at temperatures of 
700° and above, reacts with chromium, forming 
a layer of chromium nitride situated under 
the oxide layer on the meta]. During car- 
bidization in an atmosphere containing 
nitrogen, it appeared that the nitrogen 
affects the rate of the process, 

To elucidate the mechanism of the effect of 
nitrogen on the diffusion of carbon into 
chromium, we studied the carbidization of 
chromium in an atmosphere containing nitrogen 
(carbonitriding), At various temperatures, 
studies were made of the kinetics of carboni- 
triding (from the increase in weight of the 
samples), the phase composition and texture 
in the formed layers (by X-ray diagram) and 
the microstructure of the layers. 

Samples of electrolytic chromium were 
prepared in the form of hollow cylinders by a 
method described in [3]. 

The chromium samples were subjected to 
gaseous carbidization in a flowing atmosphere, 
consisting of a mixture of benzene vapour and 
nitrogen in a vertical] tubular electrical 
furnace, The composition of the atmosphere 
was determined by the temperature of the 
thermostat, where there was a saturator with 
benzene, through which was passed nitrogen, 
freed of oxygen, from a holder at a constant 
rate of 10 1./hr. The kinetics of the car- 
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bonitriding were studied and the metal - 
lographic investigation carried out ly the 
method described in [4]. 

Carbonitriding was carried out at tempera- 
tures of 700, 900, 1000 and 1100°. 

In the microstructure of the carbonitrated 
chromium can be readily seen the laminated 
structure of the zone formed during the 
reaction diffusion of nitrogen and carbon 
into chromium, Using the data of X-ray 
structural] analysis, the position of these 
layers can be considered in the following 
order: 

1. An external layer of a higher rhombic 

chromium carbide Cr C,; 

2. A middle layer of hexagonal chromium 

carbide cr.c 

3. Internal] layer of an hexagonal chromium 

nitride Cr.N. 

This order of the phases in carbonitrated 
chromium is supported by X-ray phase analysis 
at various stages of the carbonitration. On 
the X-ray diagrams of weakly carbonitrided 
samples, there are present, together with the 
lines of metallic chromium, only the line of 
the chromium carbide crc and the nitride 
CrN. With increase in the time of carboni- 
triding, there appear lines of a mombic 
carbide, and the intensity of the crc and 
Cr,N lines gradually decreases. With further 
increase in the time of carbonitriding, the 
Cr.C, and Cr,N lines disappear due to the 
absorption of the X-rays by the upper layers, 
the Cr,N being the first to disappear. 

Studies of the texture in the layers showed 
that for the weakly carbonitrided samples of 
“bright ” chromium in the Cr,N layer, from 
the very start of its formation, signs are 
detected of a well defined texture of the 
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type (110) Cr.N || to the outer surface. With 
increase in the time of carbonitriding, the 
intensity of the maximum (d = 1. 372) belonging 
to the phase Cr.N and characterizing the 
texture type mentioned above, decreases, and 
the intensity of the continuous Debye circles 
from crc and Cr C, increases, Carbonitrided 
samples of “orey ” (non-textured) chromium do 
not show any signs of texture, 

From a comparison of these results, it can 
be concluded that the texture in the Cr .N 
layer there is a texture of orientation 
correspondence ((110)Cr.N || (111)Cr || to the 
outside surface]. 

The absence of texture in the outside layer 
of the phases being formed and the absence of 
disintegration in the region of the interphase 
boundaries, points to the preferential 
diffusion of nitrogen and carbon through the 
layer being formed in the reaction to the 
metal. Apparently, chromium does not diffuse 
through these layers (in any case it is not 
found to have a considerable role). 

The presence of a nitride layer under the 
carbide layers shows that the front of the 


reaction of nitrogen with chromium (at the 
Cr/Cr.N boundary) is propagated with a higher 
velocity inside the metal than the front of 
the reaction of carbon with chromium (at the 


Cr,N/Cr_C boundary). It therefore follows 
that the diffusion mobility of the nitrogen 
atoms is greater than that of the carbon 
atoms. This should be expected from a com- 
parison of their atomic radii. 

A similar phenomenon is observed in the 


oxidation of chromium in air [4], where in 
the joint diffusion of nitrogen and oxygen of 
the air into chromium, the front of the 
reaction of nitrogen with chromium outstrips 
the front of the reaction of oxygen with 
chromium, forming a layer of chromium nitride 
under the oxide layer, 

Investigations of the kinetics of carbonit- 
riding of chromium showed that diffusion in 
the system at 700°C 
follows the lawAm = kt!/3(n = 1/3); with 
increase in temperature (1100°C) the value of 
n approaches 4, 

At all the temperatures of the investi- 
gation, the rate of carbonitriding of 
chromium remains above the rate of carbidi- 
zation, but not below the rate of nitridation 
of chromium in ammonia, 


Translated by J, Thompson 
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CORRELATION CORRECTIONS TO THE 
EQUATION OF HARTREE-FOCK* 


L.Ia. KOBELEV 
The Gorkii Urals State University 
(Received 6 May 1957) 


1. The behaviour of a system of interacting particles in the framework of the method of a 
self consistent field is determined by the equation of Hartree-Fock for a wave function or 
matrix of particle density in the self consistent field of remaining particles of the system. 
The processes of virtual interaction (absorption and emission of virtual quanta), and also 
the change in the exchange forces, caused by the polarization of the self-consistent field, 
are not considered. The effect of virtual processes and of the polarization of a self- 
consistent field on the matrix of density can be considered by describing the system with the 
aid of Green functions [1-3]. Kinetic equations are given in paper [3] for a system of inter 
acting electrons, considering the apex part I["( €; Y, Y, ) and the photon Green function 
D(é,é, the virtual processes, also the polarization of the vacuum of the self-consistent 
field, The equation for the Green electron function of a system of particles, containing 
Pte: Y, Y») and D( €, é), makes it possible to go beyond the framework of the method of the 
self-consistent field to an approximation of the Schwinger equations [4] for a one-particle 
Green function, The average value from the vacuum of electron and electromagnetic fields of 
the operator A(x) ob (x) can be expressed either by a variation derivative from the one-particle 
Green function, or by a two-particle Green function. Since for the scalar potential 


(A,(x’)) = (é, §) deandi G = ieGIDG, 


D°(x—§) Ga (x, x; &) dé = ie*{ t) dE G(xx") 
JD (x—2) G(x, Ya) G (Ya x’) di dy, 


Y Vol? Vo = 


Similar relationships can also be written for the vector potential. From (2) it follows that 
the approximation of a self-consistent field 


Go (x, x; §) = G(x, x’) &) F G(xt) x’) (3) 
holds only if virtual and polarization processes are neglected, i.e. when 
P(E Ye) = 8 — D(x — £) = D(x — 2). 
The use in the kinetic equations of J’and determined by the equations 


(2) 
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T = 3 — ya) — — (G'DG,), 
—OD&, + iG TG,D, 


where G, is an approximate solution for the Green electron function, depending on the 
difference in co-ordinates, makes it possible to find correlation corrections for the 
equations of a self-consistent field*. 

Below we consider in the Hartree-Fock equations the correlation corrections, caused by 
considering the polarization and virtual processes and calculated, assuming their small 
value, using the method of the excitation theory in the solution of equations (5) and (6). 

2. Substituting in the Schwinger equation for the Green electron function for a system of 
interacting electrons [3] an approximate solution (5), considering the processes with one 
virtual quantum 


PES ya, Ye) = 4 — Ya) — 
— — 2) G49 Va) — 2) = 
D,(§—*) = + x) = D8 — 
— ie | DY (x — ya) Ya) DE 


: (dy = dy dy), (8) 
958 


where Dt is the solution of equation (6) with an operator of polarization, equa] to zero, we 
find considering the co-ordinates as matrix indices 


—e(A,) )G, + iG + 


+ ie’G, + )G, (9) 
(Ay) = ie | (x—y) G, (y, y) dy = ie D9 G(y, y). (10) 


Substituting in (3) the expression from (10), and also assuming that on neglecting the delay 


8(E,— Xp), (11) 


— x| 


—x) = = 


we write (9) in the co-ordinate presentation and transfer to the equation for the matrix of 
density 
(¢ (x, x,t) iG, Xo 


(A A’) + (x —V (x —2)1G, (8, Xp) 

. (x, ie? \|V (x’ V (x -- y)| G G, (y, x’, dy + 
> (12) 
(x? —y)—D! (x1 G, x, dy + 


1” (2 Ya) (D9 — 2) — DY (x — (% G, 
(ai dedy, dys} = 0. 


The influence of correlation corrections, small, according to (7) and (8), is described on 
the matrix of density by the last term in equation (12). Neglecting correlation in the inter- 


* From (5) and (6) it follows that, generally speaking, J" ( €; Yy» Yo) and D(x-€ can differ considerably 
from (4). The behaviour of the system cannot be described by the method of the self-consistent field. 
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action between particles, equation (12) coincides with the Hartree-Fock equation, considering 


the correlation connected only with exchange. 
The energy of the electron in a self-consistent field, considering small correlation 


corrections, has the form 


(x—Ho(x, x; x,) de dx + Ean, 


Egy’ = (x —8) p(x8) di dx + 
+ JIG yaya) (x — 8) dy, dy, dx} = 
= = et { (vn — (V1 — Ya) (v2 — 8) (EX) + 
+ (vy — Ya) — 8) (E Yo) D® (x — 8) p (xya) (Yar)  - 


dx dy, dy, dt. 
(14) 


A quantum kinetic equation corresponding to (12) can easily be written. Solutions of the 
quantum kinetic equation differing little from homo geneous, make it possible to calculate the 
effect of correlation on the dispersion relationship. The value of the correlation energy 
Ey, can also be calculated. These problems wil] be dealt with in a later communication, 

We would like to express our thanks to Prof. S.V. Vonsovskii for a discussion of the work. 


Translated by J. Thampson 
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A STUDY OF THE MARTENSITIC TRANSFORMATION 
IN AUSTENITE POWDER* 


A.P. GULIAEV and V.D. ZELENOVA 


The Automobile and Automotive Research Institute 


(Received 15 May 1957) 


It was shown in papers [1,2] that the 
method for the electrical dissolution of 
steels is applicable not only for the separa- 
tion of the. carbide phase, but also for the 
separation of martensite from the tempered 
steel, 

If a steel, whose main phase component is 
austenite, is subjected to electrolytic 
dissolution, then if certain precautions are 
observed in the electrolysis, it is possible 
to obtain an electrolytic precipitate con- 
sisting of isolated crystallites of the 
-phase, 

The austenite powder was obtained by the 
anodic dissolution of austenitic steel 
using a system applied to the separation of 
the carbide phase [3], but with the 
important difference that instead of cooling 
the electrolyte, as reconmended for the 
production of carbide analysis, it was 
heated to 30-50°C, Cooling the electrolyte 
leads to a decrease in the content of the 
austenite phase in the separated precipitate 
at temperatures below + 5°C, The electroly- 
tic precipitate does not contain austenite 
crystals, 

The electrolyte was an aqueous solution of 
hydrochloric acid (1%). The current density 
was 0.01-0.02 A/an* and the electrolysis 
lasted 4 hr. The steel samples X12 (1.5% 
C, 12% Cr and 0.3% Mo) quenched from 1150° 
had the structure of austenite with excess 
carbides (Fig.1a). Fig.1b gives the 
photograph of the powder, A comparison of 
Figs. 1a and 1b shows that the powder thus 
obtained is monocrystalline, i,e, each 
particle in the powder is one grain, since 
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the dimension of the particles of the 
powder is approximately equal to the grain 
size (coarser) on the polished section. 

A study of the martensitic transformation 
of isolated crystals of austenite and 
austenite in a monolithic sample was 
carried out by a magnetic method on an 
anisometer of the Akulov system, The 
samples were quenched from 1150°, then from 
the sample and powder obtained from this 
sample, martensite curves were prepared for 
the cooling from room temperature to the 
temperature of liquid nitrogen (-190°C). 


4 


Fig. 1 a — Microstructure of the steel X12™, 
quenched from 1150°; X200; b — particles of 
austenite powder; X200. 
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The temperature for the start of the 
transformation of austenite into martensite 
for a bulk sample lies at -25°C, cooling 
below this temperature causes the normal 
martensitic transformation. Cooling the 
austenite powder of the same composition to 
- 196°C does not cause the formation of mar- 
tensite (Fig. 2) 


| 2 


200 180-160-140-120 100-80 -60-40-20 O +20 
Temperature, °C 


Fig. 2. Martensite curve for a continuous 
sample and powder (steel X12M). Temperature of 
tempering 1150°: 


1 -— continuous sample; 2 —- powder. 


This effect is not due to the possible 
saturation of the austenite powder with 
hydrogen (during electrolysis). Soaking 
both the powder and the bulk sample, at 
+ 200°C did not change anything. The powder 
did not acquire a tendency to transformation, 
for the sample the martensite point was not 
disp] aced. 

The strong deformation of the powder at 


room temperature (by grinding in a mortar) 
causes the formation of about 5-10 per cent 
martensite. Subsequent cooling to the 
temperature of liquid nitrogen does not 
increase the amount of martensite. 

The results obtained support the absence of 
martensitic transformation in isolated 
crystals of austenite, which was first shown 
in paper [4], although a different method 
was used in the present paper for separating 
the isolated crystals of austenite, 

Thus, martensitic transformation does not 
take place in an austenite monocrystal 
powder, whereas martensitic transformation 
takes place in a continuous sample of steel 
in austenite of the same composition, 
Apparently, for the martensitic transfor- 
mation, stresses are required (of the second 
kind), arising as the result of the contact 
of differently orientated austenite crystals. 


Translated by J, Thompson 
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THE EFFECT OF DEFORMATION ON THE AUSTENITE LATTICE 


PARAMETER 


IN KH1i8H9T STEEL* 


A.P. GULIAEV and Ia.E. SANCHUK 
Moscow Evening Engineering Institute 
(Received 25 May 1957) 


The problem before the present work was to 
elucidate the effect of plastic deformation 
on the lattice parameter in a solid solution, 
since change in this parameter can give 
information on compositional changes caused 
by the plastic deformation. 

The material taken for the investigation was 
austenitic stainless stee] KH18N9T of the 
following composition: 0.09% C, 18.8% Cr, 
9.7% Ni, 0.79% Ti, 0.63% Mn and 0. 46% Si. 

The steel (in the form of wire about 1 mm 
in diameter) was subjected to two forms of 
heat treatment, namely quenching, and quen- 
ching followed by stabilization. In the first 
case, the specimens were heated to 1150°C and 
water-quenched; in the second, they were 
quenched from 1050°C and then stabilized for 
12 hr at 800°C. The first treatment permit- 
ted a more complete solution of the carbides, 
giving a super-saturated solid solution after 
quenching. The second heat treatment had the 
opposite aim, i.e, to eliminate the carbides 
from the solution by stabilization, This was 
confirmed by the change in lattice parameter, 
which was 3,590 & in the quenched condition, 
as against 3.583 A in the stabilized condition. 
After these two forms of heat treatment, the 
specimens (of length 120 mm) were plastically 
deformed by extending to varying degrees (up 
to 8 per cent, since at higher degrees of 
strain the (311) reflection disappeared and 
thus the lattice parameter could not be 
measured to the requisite accuracy). 

Snall rods were cut from the centre of the 
extended specimens, for X-raying by the Debye 
method. Before fixing in the camera, the 
specimens were etched in aqua regia, to 
reduce the diameter to about 0.7 mm. In the 
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type RPK-2 camera used (Leningrad State 
University design), which had an effective 
diameter of 57.32 + 0.05 mm, the film was 
fitted by the van Arkel method. Chromium 
radiation was used, from a BCV-4 tube, 
Specimens were rotated during the exposure. 
The radiograms were measured in a Zeiss 
densi tometer. 


3,590 
3,588 
3,586 
3584 1050 +800" 124 
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Fig. 1. Relationship between degree of strain 
and gamma-phase lattice parameter. 


Fig. 1 shows the data on the gamma-phase 
lattice parameter as a function of the 
degree of deformation of the steel in the 
two conditions, quenched from 1150°C (super- 
saturated solid solution) and stabilized. 
They show that under the influence of tensile 
strain the gamma-phase lattice strain in the 
quenched steel is reduced. This indicates 
that under the effect of the deformation 
there is a change in the composition of the 
solid solution, which undergoes breakdown; 
carbides are precipitated from the solid 
solution and this process is accompanied by 
the reduction in lattice parameter, Extension 
also causes the gamma-phase to transform to 
alpha-phase, The amount of alpha-phase 
increases with increasing degree of cold-work, 
At 4 per cent strain the alpha-phase is 
already present in sufficient quantity to 
allow its parameter to be measured, As the 
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degree of strain increases, the alpha-phase 
lattice parameter also decreases. 

Fig. 1 gives the values for the gamma- 
phase lattice parameter after stabilization 
followed hy tensile deformation; in this 
case the deformation has no effect on the 
lattice parameter (in contrast to the quen- 
ched condition, in which deformation causes 
the lattice parameter to fall by 0.006 A, 
greatly in excess of the error of the Debye 
method, which is + 0.001 A). 


Hence, if the austenite is super-saturated 
(quenched) before plastic deformation, the 
latter, in addition to other effects (work- 
hardening, yvamma-alpha transformation), also 
causes the solid solution to break down, as 
evidenced by the reduction in the lattice 
parameter, This phenomenon does not occur 
if the austenite is not super-saturated 
prior to plastic deformation, 


‘ranslated by E, Bishop 
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THE EFFECT OF CORRELATION ON THE FREQUENCY OF 
PLASMA OSCILLATIONS* 


L.Ia. KOBELEV 
Urals “Gor’ kii” State University 


(Received 28 October 1957) 


1. The effect of volume correlation on the frequency of plasma oscillations in 
a system of interacting particles has been considered in papers [1,2]. In 
addition to volume correlation, there exists in a plasma correlation due to the 
interaction of the particles with the “vacuum” of the system. The present note 
is devoted to a computation of this contribution to correlation, to the approxi- 
mation when correlation energy is very small in comparison with the unit excita- 
tion energy. 

To compute the correlation corrections to the dispersion relationship, the 
Green function method is used; this method was first used for computing disper- 
sion relationships in a plasma by Bonch-Rruevich [3]. Ignoring magnetic inter- 
actions, the dispersion relationship for elementary excitations in a system of 
interacting particles has the following form, in the impulse notation [4]: 

jp2 
(P1) (P; Pip: — P) (pi — p) dp, = 0 (1) 
where a is the approximate expression for the Green function of a particle, 
currespending, for example, to a particle distribution of uniform density, i 
is the vershinnaia fraction, expressed through oe and j= =e 
The condition that the correlation energy is very small makes it possible to 


write the Vershinnaia fraction approximately in the form 


ie? 
"5 (2n)4 fos (Pi — - GY. (Pi — P2 — P) (P2) dps, 


where De, is the solution to the equation 
= 1+ ePoDoy. 


As is well known, a always has a pole at some point in impulse space. The 
presence of the pole vibes it impossible to use the explicit expression for ae 
in computing (1) and (2), since a is determined to the accuracy of an arbiteaty 
function which satisfies a anigenect equation dependent on the initial and 
boundary conditions. 

Let G° have a simple pole at the point WP sews +5 = 0, and let the relationship 
between ng and p? be given by the following expression: 


2m 


> 
G° = of +a) 


We then have 
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0 (7 + Pi (P, 
2m 2m 2m P 2m (3) 


The infinitesimally small constant & serves to define the integration — and 


is equated to zero after integration. 
We define a by the non-explicit relationship 


—p; 


2m 2m 


where f > is the distribution function over the impulses of the particles in 
the system*. In the case of small correlation effects, fo (p), in accordance 
with the statistics, can be taken as equal to the Fermi or Bose functions. 
Using (4) and (3), and with the approximation ad (p) = ir (p) , expression (2) 
assumes the form: 


up p 
+ 


Substituting (5) in (1), we find 
(fo (P1) — (Pr - p)) - 


pip 
m 2m 


(fo —p)) Df. (— u+ (fo (u) — fo (u— p)) 


m 2m 

Expression (6) is written for the Coulomb forces. For any central forces 
(6) can be generalized by replacing p? on the left-hand side of the equation 
by the operator of the modified equation for dD’. written in impulse space. 
The dispersion relationship (6) coincides with that obtained in [5], when 
correlation is neglected. 

2. For Bose particles, when the effect of vacuum interaction on the 
distribution function is neglected, fo(P) =N § ) at absolute zero. The 
dispersion relationship (6) for this case assumes the form (for short-range 


(6) 


dp, du. 


+ et 


forces with a radius of action r, = + 


p? + Po 


* The uncertainty in the value of a. associated with the arbitrary nature of 
for is due to the arbitrary choice of the initial and boundary conditions. 
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Thus the correlation for small pleads to a change in we: 


m* 
0 9 
(9) 


Po 
8. For a degenerate Fermi gas, ignoring the “spreading’ of the reentee © 
due to interaction between the particles, and also terms proportional to 4, 
for any central forces V(r) the dispersion relationship (6) assumes the form: 


Pr 
m 


(10) 


1 
3m? 2p? cos u P) du, 


Pr 


where Pp =h/2n(3x2N)'/2 is the boundary impulse of the Fermi distribution. 
For “screened” interaction 


DL) 
( 
we find, < h/2n x}). 


Pr 2 \P| Pr > Pr \P| K; 


4. For an arbitrary form of the Vershinnaia fraction /" 4 


the dispersion relationship for a system of interacting particles, on the 
basis of (3), takes the form 


‘ 2N 1 
where , or, since p? ~ p2 and D® (p) 
p?+ 
| 
ps m? p (8) 
4m? 
| 
6 
958 
= COs Up, 
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l= + v(p)e 


p? 
o_. 
P m 2m 


Simple computations, using all these assumptions, lead as in paragraphs 2 and 
3 to the following dispersion relationships. For a system of Bose particles: 


pe? = — (kK) m (Gia P, 0) 
0, 0, — po + (rg (7. p® 0, 3.0) 
For a system of Fermi 
P 


+ (Pp — 2pripl4 o} du. 


It is pointed out that (13) and (14) only define those elementary excitations 
for which the poles in the Vershinnaia fraction are not substantial. 


Translated by E, Bishop 
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STUDY OF THE CERIUM L,,, ABSORPTION SPECTRA IN 
CERIUM ALUMINIUM ALLOYS” 


8.A. NEMNONOV and V.V. KLIUSHIN 


Institute of Metal Physics, Urals Filial, Academy of 
Sciences of the U.S.S.R. 


(Received 29 January 1958) 


The intermetallic compounds CeAl, and CeA] 
have melting points which considerably exceed 
those of the pure components (1465 and 1250°C 
respectively, against 830°C for cerium and 
660°C for aluminium). These figures seem to 
indicate that the interatomic bonds are 
greatly strengthened, particularly in the 
CeAl, crystal lattice, involving not only the 
outer 6s electrons, but also the electrons 
composing the inner incomplete shells in the 
cerium atom, 

In order to elucidate the changes in the 
electronic state of the 6s, 5d and 4f shells 
in the cerium atom in cerium-aluminium alloys, 
a study was made of the Lyry absorption edge 
in metallic cerium and in stoichiometric 
CeAl , and CeAl | alloys. The composition and 
crystal structure of the alloys prepared were 
analysed by the X-ray powder method, with 
rotating specimens. Comparison of the 
results obtained with those given in the 
literature for the structure of the inter- 
metallic compounds CeAl, [1] and CeAl, [2] 
showed that the alloys were of the required 
composition and structure. The absorbent in 
the case of metallic cerium was a foil 10y 
thick. The cerium was repeatedly rolled with 
intermediate vacuum anneals (of the order of 
1075 mm Hg), after which the foil was coated 
with a thin layer of paraffin wax. 

The absorbent in the cases of the CeAl , and 
CeA], alloys was made from fine powder. 

The absorption spectra were determined on 
an “Iogani” type spectrograph, The radiation 
used was the first order reflection from a 
quartz crystal (a 1340 face), with an inter- 
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planar spacing of 1.174 A and a radius of 
curvature of the crystal of 38 cm; the 
linear dispersion was 2.48 XE/mm The 
reference lines used were Ly, Ba, wavelength 
2.2367 XE and Ba, wavelength 2.1296 XE, 
The maximum deviation from the arithmetic 
mean positions for the values of the energy 
positions of individual points on the 
spectrum did not exceed + 0.3 ev. 

Fig. 1 shows the Lory absorption spectra 
for pure cerium and for CeAl , alloy. The 
values of absorption coefficient are plotted 
along the vertical] axis and the energy of 
the X-ray quanta on the horizontal axis. The 
maximum value of absorption coefficient 
(maximum D) corresponds to the selective 
absorption line due to the dipole electron 
transition between the 2p and 5d levels, 

This line was slightly split, apparently 
denoting that the general 2p - 5a transition 
is divided between ry and Py 
respectively. The side-peak denoted by letter 
A, on the long-wave side of the Lory absorp- 
tion edge must clearly be related to the 
quadripole transition 2p - 4f, and maximum 

E to the 2p - 6s transition. Comparing the 
Lory absorption edges for metallic cerium and 
for CeAl , respectively, it can be seen that 
the selective 2p - 5d absorption line for 

CeAl, is decreased and displaced, e.g. by 

1.6 + 0.3 eV at the half-height position, in 
the sLort-wave direction, as compared with 
metallic cerium, whereas the position of the 
maximum D for this line remains unchanged, 

At the same time there is a marked reduction 
in the absorption coefficient at maximum F, 
which is due to transitions of the 2p electrons 
in the 6s conduction band. Similar results 
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were obtained also for the CeAl | alloy. The 
Lr absorption edge in CeAl , generally agrees 
within the accuracy of the experiment, with 
those for cerium and CeAl > There is reason 
to believe that the reduction and displacement 
in the short-wave direction of the 2p - 5d 
dipole line for the alloy CeAl , is caused by 
the existence of covalent or ionic-coval et 
bonding forces within the Ce and Al sub- 
lattices considered separately, additional to 
the predominating metallic type of bond 
inherent to the whole crystal lattice of this 
intermetallic compound. the atomic co- 
ordination for cerium atoms with respect to 
each other in the complex CeAl lattice is 
four nearest neighbours, ic”? = 3. 484 A, 
instead of twelve nearest neighbours for pure 
cerium [3]. It can be taken that the 
reduction in absorption coefficient at 

maximum E (the 2p - 6s transition) for CeAl , 
alloy as against pure cerium is associated 
with a greater filling of the conduction 
bands, as a result of the aluminium atoms 
donating inner electrons to the general] 
electron assembly of the CeAl , crystal lattice, 
The persistence of the maximum A indicates 
that the 4f electrons of the incomplete cerium 
shells take little part, if any, in the 
formation of the interatomic bonds, since they 
are largely screened by the electrons in outer 
shells. 

From the experimental data just discussed, 
it can be concluded that the main contritutors 
to the formation of interatomic bonds in the 
intermetallic compounds CeAl , and CeAl |, as 
far as the cerium atoms are concemed, are the 
atom 6s and 5d electrons. 

A fuller discussion of the problem of the 
nature of the interatomic bonding forces in 
cerium-aluminium alloys wil] be given in 


discussing the results of a study of the 
magnetic and electrical] properties of these 
alloys. 


Translated by E. Bishop 
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AN INTERNAL FRICTION PEAK OBSERVED DURING TESTS ON 
DEFORMED ALUMINIUM* 


D.M. IBRAGIMOVA and A.I. MOISEEV 


Institute of Metal Physics, Academy of Sciences 
of the U.S.S.R. 


(Received 16 May 1958) 


The presence of a peak in the region of 
300°C (at a frequency of 0.8 c/s) on the 
curve of intemal friction against tempera- 
ture for polycrystalline aluminium (99.991 
per cent pure) was first observed by Ké [1]; 
this peak was repeatedly confirmed by Ké in 
a number of papers [2-6] and by other authors 
[7-12]. Ké [1] explains the presence of this 
peak by the relaxation of stresses at the 
grain boundaries (in the intercrystalline 
zones). This supposes that the intercrystal- 
line zones have the properties of a viscous 
substance. This does not imply that the 
intercrystalline cones actually consist of 
“amorphous cement”, but suggests that there 
is a loss of orderly crystal structure in 
these zones, showing up in internal friction 
measurements by the same characteristics as 
those proper to viscous substances. 

Deformed metal, in contrast to annealed 
metal, has a large number of sites which are 
similar in properties to the intercrystalline 
zones, since they contain localized plastic 
strains which are absent in the annealed 
material. The viscous properties of the 
strain areas must also show up in the same 
way, on the internal friction — temperature 
curves, as do the viscous properties of the 
intercrystalline zones, However, due to the 
difference in the scale of the distortions in 
the crystal lattice in the localized strain 
areas and the intercrystalline zones, the 
internal friction peaks due to these distor- 
tions must oecur, as a rule, in different 
temperature ranges, 

From this point of view, in testing deformed 
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metal, one can expect to encountér additional 
internal friction peaks, associated with the 
relaxation of the stresses in the localized 
plastic strain areas, 


0,08 


Fig. 1. Relationship between internal friction 
g? and test temperature: 

1 -— deformed specimen; 

2 - specimen annealed for 4 hr at 600°C. 


To check this hypothesis, Al (of 99.99 per 
cent purity), after reducing by roughly 80 
per cent (by rolling and drawing to 1 mm 
diam. without intermediate annealing), was 
placed in a fumace (previously heated to 
600°C) attached to an instrument for measur- 
ing intemal friction, of the torsion pe@du- 
lum type [1]. ‘he intemal friction of the 
specimen was measured as the temperature was 
decreased (curve 1). As can be seen from 
Fig. 1, curve 1 shows, in addition to the 
usual maximum A in the region of 350°C, an 
additional maximum B in the approximate 
temperature range of 500°C. Curve 2, corres- 
ponding to aluminium, also reduced 80 per 
cent but then annealed for 4 hr at 600°C, 
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only has the single maximum A, associated 
with stress relaxation in the grain boundar- 
ies. It can be supposed that the maximum B 
in curve 2 [sic; should be curve 1 - 
Translator] is associated with stress re] axa- 
tion in the localized plastic strain areas, 

Attention is drawn to the fact that the 
internal friction curve for the deformed 
specimen falls in the range above 570°C and, 
crossing the curve for the annealed specimen, 
continues below the latter, 

Tests on deformed aluminium [11], carried 
out with the temperature rising, have shown 
that the peak associated with stress relaxa- 
tion in the intercrystalline zones is larger, 
but the additional peak observed in the 
present tests in the region of 500°C is not 
then observed. This is apparently due to the 
peak we have observed lying in a high tempera- 
ture range, whilst when intemal friction is 
being measured with rising temperature the 
aluminium specimen is able to recrystallize 
during the time the temperature is reaching 
about 300°C, so that the peak associated with 
stress relaxation in the localized plastic 
strain areas cai no longer be observed, In 
the test series carried out with falling 
temperature, however, starting at 550°C, 
recrystallization was unable to occur in the 
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time available for passing through the 


range including the peak B. 


11, 


12. 


. T.S. 
. T.8. 


Translated by Bishop 
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THE OCCURRENCE OF BRITTLENESS DURING THE BREAKDOWN 
OF SOLID SOLUTION OF Mn AND Si IN COPPER* 


V.B. SADOVSKII and E.N. SOKOLKOV 


Institute of Metal Physics, Urals Filial, Academy of 
Sciences of the U.S.S.R. 


(Received 5 November 1957) 


We have made a study of the breakdown of 
the copper-base solid solution containing 
1.5% Mn and 3.5% Si (manganese-sil icon 
bronze), in connexion with the changes in the 
ductile properties. When the supersaturated 
solid solution in this system breaks down, a 
second phase is precipitated, namely the 
compound Mn,Si [1,2], and it is supposed that 
the precipitation of a second phase has no 
effect of any kind on ductility criteria [3]. 


Fig. 1. Alloy structure after water-quenching 
from 800°C; x 400. 


The precipitation of the Mn Si compound was 
studied on material of the composition quoted, 
after quenching the alloy from 800°C, This 
temperature gives complete solution of the 
Mn ,Si, and rapid cooling leads to the 
formation of a super-saturated solid solution 
at room temperature. 

A series of specimens, which had been given 
this treatment, was tempered at intervals of 
50°C in the range 200-750°C, The tempering 
time was 3 hr, and it was followed by water- 
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quenching. The size of specimen used was 
selected with a view to being able to 
prepare impact bend test-pieces, Micro- 
scopic examination of the specimens after 
these treatments showed that whereas the 
quenched condition was characterized hy 
homogeneity, the corresponding structure 
being uniform alpha-phase grains (Fig.1), 
as the tempering temperature was raised 


Fig. 2. Alloy structure after water-quenching 
from 800°C, followed by tempering for 3 hr at 
600°C; x 400. 


phase, the compound Mn 2si, appeared in the 
structure. The maximum amount of precipi- 
tate was observed at a temperature of 500- 
600°C (Fig.2). 

It is held that the precipitation of a 
second phase cannot affect the ductility 
figures for a material, particularly its 
bending impact value. ‘This supposition 
seemed all the more probable, since the 
second phase was frequently concentrated 
along the grain boundaries (Fig, 2). 

Impact bend tests were carried out on 
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test-pieces 10 x 10 x 60 m, notched with an 
emery disk to a depth of 2 mm; the notch 
width was 2 mm and the root radius 1 mu 

The results showed no correlation between 
the impact value and the extent of breakdown, 
i.e. of the amount of Mn ,Si present in the 
alloy structure, 

After all the tempering treatments, the 
test-pieces were so ductile that none of 
them fractured. This state of affairs made 
it necessary to increase the strength of the 
material artificially, so that, having thus 
lowered the general level of ductility, an 
attempt could be made to determine the impact 
toughness for test-pieces after different 
tempering treatments and thus establish the 
effect of solid solution breakdown on the 
mechanical properties of the alloy. 

For this purpose, a second series of test- 
pieces, heat-treated as before, was subj ected 
to cold plastic deformation by rolling to a 
reduction of 30 per cent. Rolling was 
carried out on a hand-operated laboratory 
rolling mill, at a rolling speed of 1.5 m/min. 
The billet size before rolling was selected 
with a view to being able to machine impact 
test-pieces (10 x 10 x 60 mm) after the 
de formation, 


J00 500 700 
Tempering temperature, °C. 


& 


Impact value a kg. m/om? 


Fig. 3. Relationship between impact value of 
the alloy and tempering temperature. Water- 
quenched from 800°C. Tempered for 3 hr at the 
temperatures shown, followed by water-cooling. 


Thus the impact tests were carried out 
after cold plastic deformation, The test 
results are shown in Fig.3. These data show 
that, as the tempering temperature is raised, 
there is a gradual fall in impact value, 
starting at 350°C, the minimum occurring in 
the tempering range 500-600°C, 


As can be seen from the graph, the impact 
value falls after tempering in this tempera- 
ture range, from 19 kgm/cm® in the as- 
quenched condition to a value of 5.5, i.e. 
to less than a third. 

These results agree with those provided by 
microscopic examination: the increase in 
the amount of second phase in the alloy 
structure is accompanied hy a fall in impact 
value, whilst the maximum degree of breakdown 
at a temperature of 500-600°C corresponds to 
the minimum impact value. The nature of the 
relationship obtained is not affected by the 
amount of prior plastic deformation; the 
results differ merely in the level of impact 
values, 

Hence, prior plastic deformation of the 
material lowers the general level of 
ductility and thus makes it possible to 
reveal the embrittling effect of the products 
of solid solution breakdown, It is also not 
impossible that the observed drop in impact 
value under the test conditions considered 
may be promoted by the internal stresses 
arising when the alloy is deformed in the 
two-phase condition, In fact, it can be 
supposed that when a two-phase alloy is 
plastically deformed, the internal stresses 
set up greatly exceed in magnitude the 
stresses in the single-phase structure 
deformed in the same way. The results of 
subsequent impact tests may depend on this 
circumstance, and when the internal stress 
level is high an additional drop in impact 
toughness will be observed, 

It has thus been established that the 
breakdown of the solid solution of Mn and Si 
in a matrix of copper, accompanied iy the 
precipitation of a second phase, \Wn,Si, leads 
to a notable reduction in the ductility of 
the alloy. The drop in ductility is revealed 
when the strength is increased by prior cold 
plastic deformation of the alloy. 


Translated by E, Bishop 


1. A.P. Smiriagin, Promyshlennye tsvetnye metally 
i splavy (Industrial Non-Ferrous Metals and 
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THE TRUE STRENGTH OF DUCTILE METALS IN 
COMPRESSION AND TENSION* 


S.S. NEKRASOV 
Moscow Mining Institute 
(Received 16 April 1957) 


It is known that the true tensile and 
compressive stress-strain diagrams for 
ductile metals differ somewhat from each 
other. Special experiments have been carried 
out to find the reason for this. The test- 
pieces were prepared from steels 20, 45, U7 
and brass LS59-1. 

The compression tests were carried out on 
test-pieces 10 mm in diameter and 10, 15 and 
20 mm in length. The tensile test-pieces were 
8, 10 and 20 mm in diameter, with a gauge 
length of 100 mm, Testing was carried out on 
a 30-ton universal testing machine, TSNITMASH 
Type IMCH-30. 

During the tensile tests, readings were 
taken, at various instants, of the load P 
and the minimum test-piece diameter (in the 
neck). The test-piece area was determined 
from the minimum diameter, and the corres- 
ponding values of stress 0 = were calcu- 
lated, True strain e was determined from the 


F 
— = In — = In— 


F 


or 


In compression testing, it is usual] to 
measure the actual height h of the test- 
piece for a given value of load P, and to 
calculate the area of cross-section Fr, from 
the constant volume condition, assuming 
uniform compression over the height of the 
test-piece, i.e. 
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where = and h. are the original cross- 
sectional area and height respectively of 
the test-piece, The true stress can be 
calculated from the formula _ 
1 


The true strain in compression is equal] to 


h 
a= (in). 100%. 


There is a discrepancy between the calcula- 
tions for true stress and strain in tension 
and in compression, In the first place, in 
tensile testing, the true stresses are 
calculated on the minimum test-piece cross- 
section, In compression testing, however, 
true stress is calculated on some mean cross- 
section, Fig. 1 shows a test-piece deformed 
in compression, in which the diameter d 
corresponds to the cross-sectional area F ro 

In the second place, in tensile testing the 
diameter (and area) of the test-piece is 
decreasing, whereas in compression testing 
the diameter (and area) of the test-piece is 
increasing, 

If test-pieces of the same diameter are 
taken for tensile and compression testing, 
then after testing their diameters will be 
very different one from the other, Conse- 
quently, there will be a divergence in the 
true stresses in tensile and in compression 
testing, due to the effect of the size 
factor, 

If one attempts to reach uniformity in 
respect of the calculation and of the size 
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factor, one can expect better agreement 
between the true stress-strain diagrams in 
tension and in compression, 

Tests were made on steels 20, 40 and U7, 
and roughly similar results were obtained in 
all cases, The present paper therefore 
includes only the graphical test data for St. 
20, 

Fig. 2 shows the true stress-strain 
diagrams in tension and compression for St. 
20 test-pieces, In testing the steel] test- 
pieces in compression, it was found impos- 
sible to fracture them (with up to 30 tons 
load). From the true stress-strain diagrams 
in tension and compression it follows that 
the magnitude of the true strain in compres- 
sion testing can considerably exceed 
that in tensile testing, i.e, that steel 
test-pieces exhibit higher ductility ina 
compression test than in a tensile test. At 
high tensile strain values the true stress 
is somewhat higher than in compression, 
Moreover, the divergence between the stresses 
increases with increasing strain, 

To obtain true compressive stress-strain 
diagrams which are more comparable with the 
true tensile stress-strain diagram, the true 
stress in compression must be calculated from 
the minimum cross-sectional area of the test- 
piece, i.e, from the diameter d (Fig, 1). 
Thus the true compressive strain is 


(in - 100%. 


From the constant volume condition and by 
analogy with calculations in the tensile 
case. 


F 
ey == (In F | 100% 

The parameter ey (based on the minimum 
diameter d), in view of its complete analogy 
to the true strain e in tension, will from 
now on be referred to simply as e, where 

= —|. o/ 
e {In 100% 
Comparison of the true compressive stress- 
strain diagrams for steels 20, 40 and U7, 
with the true tensile stress-strain diagrams, 
shows that there is better agreement. This 


can be seen from Fig, 3. 


i 


Fig. 1. Test-piece deformed in compression. 
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Fig. 2. True stress-strain curves for St. 20 
test-pieces in tension and compression: 
1 — tensile test; 2 -— compression test. 


During the tensile tests on stee] 20, the 
test-piece diameter decreased from 10 to 6 
mm, During the compression tests on the 
same steel, the test-piece diameter increased 
from 10 to 19 m,. 

In order to eliminate to a certain extent 
the effect of the size factor, the true 
stress-strain diagram in compression (for an 
initial test-piece diameter of 10 mm) should 
be compared under conditions in which the 
tensile test-pieces have initial diameters of 
10 and 20 mm, Thus, the compression of a 
single test-piece should be compared with the 
extension of at least two test-pieces, with 
diameters, the difference between which 
covers the range over which the compression 
test-piece diameter changes, 

Fig, 3 shows the results of tensile tests 
on test-pieces with initial diameters of 10 
and 20 mm, and of compression tests on 10 mm 
diameter test-pieces, all in St, 20. The 
experimental points for the compression tests 
lie between those for the tensile tests. 

Thus, it must be concluded that true 
tensile curves and true compression curves 
coincide, when due account is taken of the 
size factor, and the calculations are based on 
the minimum test-piece diameter, 
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Fig. 3. True stress-strain curves for St. 20 
test-pieces in tension and in compression: 

1 — test piece diameter 10 mm; 

2 -— test-piece diameter 20 mn. 


Instead of plotting true compression 
stress-strain diagrams (based on the minimum 
diameter) for ductile metals similar to 
steel, it is possible to utilize the true 
tensile stress-strain diagram, extrapolating 
the straight line section of true stresses 
towards higher strains, 

Experimental comparison of the true 
compression and tensile stress-strain 
diagrams for type LS59-1 brass test-pieces 
gave practically complete agreement (Fig. 
4). This may be explained, first, by the 
fact that LS59-1 brass undergoes similar 
degrees of true strain in both tension and 
compression. When a brass test-piece is 
compressed, it behaves at first as a ductile 
material, but under the influence of the 
strain it work-hardens and brittle fracture 
ensues, In the second place, since the 
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Fig. 4. True stress-strain curves for LS59-1 
brass test pieces in tension and in compression. 


coefficient of friction for brass on steel 
platens is less than for steel test-pieces, 
the brass test-pieces in the compression 
tests showed practically no bulging, in 
other words the diameters d and d, were 
almost identical (see Fig, 1). 

The true stress calculations based on 
diameters d, and d led to one and the same 
result, Thus, the following conclusions can 
be reached. 

1. The true stress-strain diagram in 
compression practically coincides with that 
in tension, when both diagrams are plotted 
on the minimum diameter, 

2. The true stress-strain diagram in 
tension is preferable to that in compression 
(based on minimum diameter), because of the 
smaller scatter in the experimenta] points, 


Translated by E Bishop 
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THERMOMAGNETIC TREATMENT AND ORDERING PROCESSES. III. 
STUDY OF THE EFFECT OF THERMOMAGNETIC 
TREATMENT ON THE ELECTRICAL RESISTIVITY 
OF SUPERLATTICE-FORMING SOFT MAGNETIC ALLOYS 


Ia.S. SHUR and A.A. GLAZER 


Institute of Metal Physics, Academy of Sciences of the U.S.S.R. 


(Received 5 June 1958) 


1. In papers published earlier [1,2] on the 
elucidation of the connexion between the 
effect of thermomagnetic treatment (t.m, t) 
and ordering processes, it was shown that a 
new structural condition, different from both 
the ordered and the disordered states, can 
arise as a result of t.mt. These results 
were obtained on the basis of measuring only 
the purely magnetic properties of the alloys 
investigated. To obtain fuller information 
on this new structural condition, it was 
desirable to study other physical properties 
also, and first of al] the electrical resis- 
tivity, which is a sesitive indicator of the 
degree of ordering in an alloy. In [2] it 
was stated that measurements of the electri- 
cal resistivity of superlattice-formming soft 
magnetic alloys, in various structural 
conditions can provide the answer to the 
following two questions, which are important 
for an understanding of this new structural 
condition: (1) Does the superlattice struc- 
ture in a previously ordered specimen break 
down during subsequent annealing in a mag- 
netic field, at temperatures below the 
critical ordering temperature T,?; (2) Does 
the presence of a magnetic field during the 
annealing of a disordered specimen at 
temperatures below 4% affect the kinetics of 
superlattice formation? 

The present paper is devoted to solving 
these questions, 


* Fiz. met. metalloved., 6, No.5, 958-960, 1958 . 


2. Electrical resistivity measurements were 
made on specimens of the alloys 76-Permalloy 
and Perminvar, in the form of strips 60 x 4 x 
0.2 mm, The measurements were carried out by 
the compensation method, using a Dissel’khorst 
low-resistance potentiometer; the relative 
error was 0.08 per cent. In addition to the 
electrical resistivity Ro» values were also 
determined for the resistivity R, ina 
magnetic field bringing the specimen to 
saturation. The value R,, in contrast to R,, 
is independent of the magnetic texture. Both 
values were measured at O°C (in a thermostat) 
and at - 196°C (in liquid nitrogen. The 
effectiveness of prior treatment could be 
gauged from the changes in value of coercive 
force H, (at 20°C), R, and 


AR Rs— Ro 


R Ro 


3. To solve the first point, specimens 
which had previously been ordered by 
annealing for 96 hr at 460°C were annealed 
in a magnetic field of strength 200 oersted, 
for 5 hr at 450°C, These specimens were 
then quenched from 700°C in vacuo: After 
each treatment, namely ordering, annealing 
in a field and quenching, R,. R, and H, 
were measured. The results obtained are 
shown in Table 1, from which it can be seen 
that R, and R, are markedly different as 
between ordered and disordered alloys, both 
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TABLE I 


78-Permalloy 


Perminvar 


Anneal 96 hrs. 460°C (ordered) 


Anneal 5 hrs. 450°C, in 200 rc 


oersted field (t.m.t) ~196°C 


Quench from 700°C in vacuo o° c 


(disordered) -196°C 


at 0°c and at -196°C*, After te the 
AR 


values of and in the 78-Permmal loy 


specimen fell somewhat, indicating slight 
formation of magnetic texture in the alloy. 
Meanwhile, the value of R,, which is inde- 
pendent of magnetic texture, remained 
unchanged. In the Perminvar specimen after 
t.m.t., (see Table 1), the value of 


became nearly zero, due to the formation of a 
very pronounced magnetic texture, Meanwhile 
the value of R, also remained constant within 
experimental error. 

On the basis of these results it can be 
concluded that superlattice structure is not 
destroyed in an ordered specimen, during 
t.m t., at temperatures below If the 
superlattice did break down, this would be 
evidenced by an increase in the value of Ry, 
measured at O°C and a decrease in the value of 
R;, measured at -196°C, 

4. To solve the second point, a previously 
quenched specimen was annealed for 5 hr at a 
temperature of 450°C, either without a field 
or in a field of strength 200 oersted. The 


* It should be noted that our results for -196°C 
contradict those in reference [4], in which 
electrical resistivity decreased on ordering. 
This difference is apparently associeted with a 
difference in the degree of order (short- and 
long- range) in our specimens and those studied 
in reference [4]. 


results of measurements of R, and 
after both treatments are given in Table 2, 
From Table 2 it can be seen that when 
disordered specimens of 78-Permalloy and 
Perminvar are subjected to t.mt., a very 
pronounced magnetic texture is set up; in 
both alloys the values or —— are consider- 


ably reduced. The values of R, are found to 
be the same, irrespective of whether the 
specimens were annealed with or without a 
field, Thus in both cases the value of R, 

at O0°C is smaller, and that at -196°C greater, 
than R, for the quenched specimen, This 
shows that the specimens formed a super- 
lattice during the annealing treatment, 

On the basis of these results it can be 
concluded that the ordering kinetics for 
specimens of 78-Permalloy and Perminvar are 
unaffected if a magnetic field is present 
during annealing. If the ordering kinetics 
were different, in the presence of a magnetic 
field, from what they are in its absence, 
then the R, values after annealing 5 hr at 
450°C would be different as between the first 
case (without) and the second (with a 
field). 

5. All that has been said above makes 
it possible to conclude that such a smal] 
number of atoms take part in the formation 
of the special condition produced during 
t.mt,, that it apparently has no effect 


on the formation or retention of the 
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TABLE 2 


78-Permal loy 


Treatment 


Quench from 700°C in vacuo 


(disordered) 


Anneal 5 hr at 450°C (partial 


order) 


Anneal 5 hr at 450°C in field 


of 200 oersted (t.m.t.) 


ordered structure. 


Translated by Bishop 
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THE THEORY OF GALVANOMAGNETIC EFFECTS IN SEMICONDUCTORS 
AND METALS SITUATED IN A STRONG ELECTRICAL FIELD* 


F.G. BASS 
The Institute of Radiophysics and Electronics 
of the Academy of Sciences of the Ukrainian S,S,R, 


(Received 8 January 1957) 


A determination is made of the dependence of kinetic coefficients on 
electrical and magnetic fields for the case of non-linear dependence of 
the electrical current on the electrical field. 


In forming a theory of galvanomagnetic phenomena in metals and semiconductors, it is usually 
assumed that Ohm’s law holds. As shown by Davydov [2], in sufficiently strong electrical fields, 
due to the retarded transfer of energy by current carriers of the crystalline lattice of the 
semiconductor, the average energy of the electron depends on the electrical field and can differ 
considerably from its thermal energy. 


Ginzburg and Shabanskii [3,4] noticed that, under certain conditions, the same is true of 
metals. As for the semiconductors, so for metals, the average energy of the electron in the 
lattice in the case of a strong electrical field, depends on the length of the free path. The 
magnetic field, changing the effective length of the free path, can change considerably the 
energy of the current carrier. This affects the dependences of the kinetic coefficients and 
average energy on the electrical and magnetic fields. 


Davydov [2] found the function of the distribution of electrons in a semiconductor situated 
in strong electrical and magnetic fields, assuming that the electrons are scattered at the 
acoustic oscillations of the lattice, and calculated the electrical current. Davydov considered 
a semiconductor with electron conductivity. In the calculation, use was made of a clear form of 
probabilities of transfer and the existence of time of free path. Furthermore, in [2] the 
kinetic coefficients were not calculated and considerations were not made of the presentation 
of the problem, corresponding to the conditions of the experiment. 


The time of free path cannot always be introduced. In a strong electrical field there is 
excitation of the atoms, collision ionization, etc. In this connexion, it is of interest to 
study the galvanomagnetic phenomena, assuming the arbitrary reaction of conductivity electrons 


with the lattice. 


Furthermore, it is desirable to avoid assumptions on the Maxwell statistics of the current 
carriers, since in metals and a number of semiconductors the electrons show Fermi distribution. 


These problems are considered in the present paper. 


To calculate the kinetic coefficients, it is necessary to find the function of electron dis- 
tribution in the crystal. The distribution function f in a stationary case is determined from 


* Some results of this work are given in [1]. 
* Fiz. metal. metalloved. 6, No. 6, 961-975, 1958. 
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Galvanomagnetic effects in semiconductors 


a kinetic equation of the following form: 
e{E+— [v ( ) 


The usual symbols are used here; (0 f/0 t) oe describes in the general case not only colli- 
sions of electrons with phonons, but also the excitation of atoms, collision ionization, etc. 
As will be seen later, a calculation of inelastic collisions in certain cases can be very im- 
portant. We will deal with the case of an isotropic solid. A solution of the kinetic equation 
(1) will be sought in the form 


f=ho (2) 


Here fle) is the symmetrical part of the distribution function, 
€ = €(p) is the energy of the electron, t, is the characteristic time of relaxation 


0 is the mass of the free electron. 


The asymmetric part of the distribution function is much less than symmetrical, because the 
component , velocity v’ directed along the field is much less than the average velocity of the 


electron v 


fo (€) 


As shown in [2], for atomic semiconductors v’/v ~ v,/v~ 107 72 (v, is the speed of sound). As a 
result, the integral of collisions can be linearized as (ty /20 By) Yor The asymmetrical part 
of the distribution function changes only under the otaeen of collisions with phonons. Sub- 


& =( 0 ). 


dy (€) p 
where ex 


has the following form: 


ot 
there B(e’, 8) =w(e’, e, 8) (1—f, (e)) + w(e, 8) fy (e), w(e’, 8) —Be- 


is the probability of transition of an electron from a state with energy «’ to a state with 
energy « with rotation of the vector of the quasi-impulse through an angle © n(e’) is the den- 
sity of the energy levels and 2 is an element of the solid angle. Later, it is convenient to 


rearrange (0 )p/0 t),, somewhat. 


We select the Oz-axis in a space of quasi-impulses along p and transfer to a spherical 
system of co-ordinates(e’, @, w). After integrating for ¢ and making certain other simple cal- 


culations, we obtain 


Ot) gg 


P (e’, x(’) a (s’) ds’, 


| VOL 
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stituting (2) in (0 f/dt),,, we obtain 

where 
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f "\ de” | oi 


Introducing expressions for f and (0 X( € )p/0t) st im (1), we have 


= (24) (ze 


Integrating this equation for solid angles, and then multiplying by P and again integrating: 


Here V*(e) = + We), Ve) being the volume contained within the isoenergy surface «(p) = 
The (+) sign before V(« ) is taken when the normal to the surface «(p) = « is directed outside 
the surface, and (—) when inside 


= — 2-2 


; 


H 
= 


The solution of equation (4) can be written in a convenient symbolic form. awe multiply (4) 
by in scalar Taking into the of the operator t along we 


Liga \=eEn ~ . Hence yn =eEn L |. (4) by 


di de 
an in vector fashion. Opening the binary vector product and substituting [X in the 
expression obtained, we have the following equation for the determination of x: : 


(1+ (x) + + (Ean 


hence 


Substituting (5) in (3), for the determination of fy we obtain the integro-differential equa- 
tion 


In equation (6) there is a complete electrical field in the sample,which is the sum of the 
field directed along the current and the Hall field. 


An experimental determination is made of the dependence of the kinetic coefficients on the 


3 ~, 
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magnetic field, or on the electrical field along the direction of the current, or on the 
current itself. We will call the first case "the case of a given field", and the second case 
"the case of a given current". We rearrange equation (6) so that there are only given values 
in it. For this, it is necessary to calculate the electrical field. As is known, the current 7 


is calculated by the following formula: 
(7) 
Substituting (2) in (7), after simple calculation we obtain 
V' (e) de (7’) 


or, taking into account (5), 


In this formula there are both summation by zones, and integration within the zone. We always 


omit the signs of summation by zones. 


From (9) it is easy to obtain s expression both for the tensor of conductivity 6, and for 
the reverse tensor of resistance pe In the system of coordinates, in which the Oz-axis is 
directed along en , these tensors are written in the form: 


+ 
0, 


On determining the tensor of resistance 
E; 


In a vector form, this equality can be rewritten 


(a ji 


4 
Here 
VOL 
6 
A Ty, 0 
— Hh, Ti, 04, 
0, 0, K_; 
A 
) 
Here 
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where the tensor p, is determined by the following formula: 


The second term in (11) describes the Hall field. 


We will consider the following kinetic coefficients: the resistance p, the dimensionless 
Hall field Wand the Hall constant R, determined for ACA) al f) in the following way: 


Ey H 


E, 
J 


These values are expressed by I, in the following way: 
24 
To 
ec (2 +912) 


We can now write (6) with the given values. In the case of the given field E* = (1 + Ww) ES, 
Substituting this expression with calculation of (14) in (6), we have for f, the following 


equation: 


st 


In the case of a given current, replacing £, in (15) by p j, we obtain: 


We proceed to study equations (15) or (16). The distribution function should satisfy the kinetic 
equation and the condition of normalization in each zone (2/h?) f fap = N; where N; is the 
concentration of the current carrier in the i-th zone. 


The condition of normalization has a different physical idee for metals and semiconductors. 
In metals, the number of electrons for which the distribution function is normalized is a con- 
stant value, depending only on the structure of the metal. In semiconductors with impure con- 
ductivity, the number of electrons (or gaps) in the i-th zone depends only on the lattice 
temperature T. If the actual conductivity of the semiconductor plays a part, then it is con- 
venient to use the condition of electrical neutrality 


N_—N, =N(7), (17) 


where N_ is the concentration of electrons in the semiconductor, N, is the concentration of 


5 

Ps ert, 0, ’ 0 (10’) 

0, 
where 
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gaps and N(T) is the concentration of electrons transferring from donor levels into the con- 
ductivity zone (to be accurate we assumed that the acceptor levels were absent). This condition 
is equivalent to the condition of normalization. 


If a semiconductor only has its own conductivity, then the condition of electrical neutrality 
takes on the form N, = N_. It should be mentioned that all this is true for those electrical 
fields also when collision ionization begins to play a part, the lowering of the barrier between 
the zones due to the electrical field, etc. However, in this case, the concentration of the 


current carriers depends to a large extent on the applied field. 


We will seek a solution of equation (15) in the form of a series in powers of y? 


fo” 
c= 0 
‘Substituting this series in the analysis i (n = 1,0, —1) in powers of y’, we have 


JI 
= Ke. 


j=-0 k=0 


ae. 


It can be shown that K, is equal to the difference in the concentrations of electrons and 
gaps. In fact, for simplicity, let the spectrum of the crystal consist of one electron and one 
gap zone. We will put at first the calculation of the energy of the lower edge of the electron 


zone, Then, 


d/o 
V_(e) de— as} 


Here V ) and V,(¢ ) are the volumes contained within the isoenergetic surface in the 
electron and gap zones respectively. Integrating by parts in the first integral in shaped 


brackets, we obtain: 


nm 


de = [ (2) fade =N_. 
0 0 


Here N_ is the concentration of electrons. In the calculation of integrals we considered that 
the density of levels in the electron zone n_(«€ ) =(2 dV_/hde ). 


The second integral in the shaped brackets al Vi, (2) a de can be written in the 
€ 


. Here pit) = 1 (f) is the gap distribution function). Inte- 


grating by parts and assuming that n, ( e)e=- (2/h?) dV, /de, we finally have 


(+) 
2 df. 
| dem —N,. 


6 
where 
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Thus 


K,=N_—N,. (18) 


We propose at first that N. #4 N_ (impure semiconductors, metals of the first eee Analysing 
all values in the teft-hend side of the equation (15) into a series in powers of y? to deter- 
mine i we find the —— equation: 


(N_—WN,)? E? (0) 
h? n(e) a | 


Substituting f, in (12), (13) and (14), we have 


(0) l 
ec(N_—N4) 


| 
Waar (19) 


Thus, the Hall constant in our case for y? << 1 is determined by the same formula as in the 
case of weak electrical fields. The resistance and average energy tend towards saturation for 
y + 0, and W increases in proportion to y~!. Similar results are obtained in the investigation 
of equation (16). The asymptotic dependence of the kinetic coefficients on the very strong 
magnetic field with arbitrary electrical fields is the same as for weak fields. 


Let N, = N_. This corresponds to actual semiconductors and metals of the second group. We 
will study separately equations (15) and (16), since the cases of given field and given current 
lead to different results. If the field is given, then, assuming that I~ y? from (15) we have 


2¢ A tq flO) (0) 


If the magnetic field is so great that the left-hand side can be neglected (the corresponding 
quantitative criterion is given below), then (15%) changes to 


The solution of the latter equation is the Fermi equilibrium function, which corresponds to the 
field in which Ohm’s law holds. The dependence of kinetic coefficients on the magnetic field 
for this case was found in [5,6]. 

This result can easily be explained, starting from simple physical ideas. If the concentra- 
tions of electrons and gaps are equal, then with increase in the magnetic field the resistance 
increases to infinity, which, in the case of a given field, corresponds to a tendency of the 
electrical current to zero. Absence of current is equivalent to the effective length of free 


path being zero. If the length of free path is zero, the current carrier does not receive 
energy from the electrical field, and its average energy is equivalent to the thermal energy. 


With given current, equation (16) takes on the following form: 


If the magnetic field is sufficiently strong, the right-hand side of the latter equation can be 


7 

6 
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neglected. The equation for the determination of p60) is written 


hence Lf df\°)/de} = Since Lt should be finite for « = 0, and ¥“(0) = 

then the constant C’ = 0, and, consequently, "Rt df, nde } = 0; since £ is a non-specific ope- 
rator, it follows from the latter equality that dj} °)/ge = 0 and fo a const. This distribu- 
tion function does not satisfy the condition of Ni A This result, devoid of physical 
meaning, indicates the inapplicability of the method of subsequent approximations in the given 
case. Below, we deal with this condition in detail. 


It follows that the dependence of kinetic coefficients on a strong magnetic field is de- 
termined only by the ratio between the concentrations of electrons and gaps. 


The asymptotic dependence of the kinetic coefficients of the very weak magnetic field 
(y~? << 1) follows from general considerations. Analysing p, W, Rand e into a series in powers 
of y*, we have: 


+... R=R,+R 


W= Wor + Eq + 


2 


To determine the kinetic coefficients as functions of the electrical field and current, 
fixed model ideas must be used. 


The integral of collisions can be split into two terms, one of which describes the collisions 
with phonons, and the other - inelastic collisions 
Ofy \# 
+( ot 


ot ot 
If the amount of energy Ac, which the electron transfers to the phonon, is very small in com- 


parison with the average energy of the electron, then (d f,/d t) 7, can be analysed into a 
series in powers of Ae /e. 


Let us suppose that f, << 1. This corresponds to semiconductors and metals in a very strong 
electrical field [4]. In the suppositions made (see [1] )* 


(21) 
vt 


Here A(e ) is the average square of the energy transferred for one collision between the 
electron and the lattice and7r(e) is the time of relaxation. A(e« ) and7;(e ) are determined 
by the following formulas: 


. (0f,/d)?, applies to such an equation when Ae /e>>1[6]. 
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or 
A(:) =2n B’(z, Ae, 8)sin OdAedO, 
00 


om (e, —cos 8) sin 
0 J 


where the following relationship holds 


B(e, Ae, 09) = (ec, e+Ae, 


Substituting (21) in (15), after simple rearrangements we obtain the equation for finding f)(€ ) 


— —— Ale Ale rie 0 15” 
a4 on = (2 (15" 


Equation (16) can be similarly rewritten. Equation (15”) is difficult to solve in the general 
form. However, in one important case the right-hand side of equation (15) can be disregarded. 
If the stationary state is established due to scattering at the phonon, then the inelastic 
collisions are important only in the case when the average energy of the electron is of the 
order of the energy of the inelastic collision. If the electrical fields are not very strong, 
the energy of —— is much greater than «, the probability of inelastic collision is 
small and (0 fo /d 7. can be neglected. Equation (15°") without the right-hand side can easily 
be solved as a eintietic. The solution of (15”) has the following form 


A (c)/kTde 
poe? EY LO to : (23) 
6xmy (1 + 


fo = Cexp — 
A(ey+ 


To obtain the dependence of the kinetic coefficients on the electrical field in a clear form, 
it is necessary to use the law of dispersion and specify the functional dependence of A(é« ) 


and r(e). 


We propose that 


—é 


z’e>0 
AS (T)2272>0 


(24) 


Calculations show that for all known mechanisms of scattering, there is a power dependence of 
A(e ) and r(e ) on energy (see the Table). 


9 
| (22) 
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TABLE 1. 


Form Acoustical| Optical | Optical 
of vibrations | vibrations , vibrations 
scattering T <4 T>6 


3/2 —1/2 
1/2 1/2 


Here © is the Debye temperature. It can be shown that in the case of N, # N_ and in the case 
of one sign of carriers, the kinetic coefficients similarly depend on the fields. For this 
reason we investigate cases of crystals with conductivity of one sign and conductivity of two 
signs with equal concentrations of electrons and gaps. 


At first we will consider a crystal with conductivity of one sign. We will assume the case 
of a given field. The value of the electrical field is characterized by a dimensionless para- 
2e*ETKT 

3A ym 
strong magnetic field y? << 1 of the fields the distribution function has the following form: 

2q 


fy = C exp where Wo = 7W. (23) 


meter E* = .- In the limiting case of a strong electrical field (Fe >> 1) anda 


Substituting fo in (14), we obtain for the determination of M the equation 
q 


3 


29) 


22 


2(r+q) 


Hence for Wwe obtain 
q 


rq 
EY k Te® etoH 


3Aqm mc 


Similarly, we calculate p and € 
q 


mag, kTe*® 
3A gm 


r+q 


2 
3 3Aym 
2(r+q) 


From these formulas we can readily proceed to the case of a given current. Substituting in 
(26) E, by pj and solving the obtained equation with respect to p, we have 


MQg, 2aqrmj*k'T \— 


10 
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For ¢ and the Hall constant R we obtain 


1 


1 
\—— 


In these formulae 


3 q 
+4) 


r 3—2q 


If the magnetic field is weak (y? >> 1), then for y? = co in the case of a given field for the 
kinetic coefficients there are the formulas 


fo | ) 
3449 


) (3 +29) 


(28) 


mc 


q-r 


3 


’ 


3mA 


The additions to p and «, due to the magnetic field, have the following form: 


Go 3mA, mc 


“Here G corresponds to p and 


If the current is given, then formulas (27)-(30) are rewritten in the form: 


2j?mkT 


344 


208 


) 


Po = 


eNe ’ 


11 
(19’) 
" | 
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6 
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2(r—4q) 
1 
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5 
3 
2q 


AG kT mj? 


r—q 2j2mkT 
ar, (30’) 


These formulas are derived for a crystal with electron conductivity. Here we put NV_=N, 
m_=m, '>)=%, AY) =A, . To obtain the formulae for a sample with gap conductivity, the 


index (—) must be replaced by the index (+) and e by -—e. 


We will clarify the understanding of "strong" and "weak" magnetic fields. In obtaining formulas 
(23°)-(27), the analysis was carried out by powers 


mc 


then the magnetic field can be considered "strong". In the reverse limiting case of a "weak" 
magnetic field, the inequality £}%(er,H/mc)* << 1 holds. From (23) and (23’) it follows that 
to fulfil the conditions of normalization, for any magnetic fields these inequalities should 
be observed. 
r (32) 
r+9>0 


which can be rewritten in the form 


r>0 —r<g<r. (32’) 


The physical meaning of these inequalities is very simple. If we introduce the effective time 
of relaxation of the current carrier in the magnetic field by the formula 


1+ 


then the inequality (32) means that the energy which is transferred by the electron to the 
lattice ~ VA(« totes should increase with increase in the average energy, in order that the 
stationary state be established due to scattering of the electrons at the phonon. 


Now let ¥, = N_ = N the magnetic and electrical fields are high: y? = 1, EP >i, Y= 1. 
Then in the case of a given field these formulas hold: 


3 


(3 ~ 29) 


3— 2q 
2(r+q) 


2 
H? ( kTc? Fe, 


3H2 
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3—4q 
| 


3H? 


QE? kTc? 
| 


5 

1 


3 


For a given current, the formulas of the kinetic coefficients are written: 


3 


3—2q m 


3—4 3 
(5 


(3 — 


(saz) +( 


2 


3 
q 


3(r-+q)'*T 


=AT 


The distribution function in the case N, = N_ for a given current has the form 


eta 
fo exp r+q 
(a (T).j2H)" 


13 
r+ 
( (34) 
| He 
(35) 
r—q 
q ~ 
Ap to 
é (33°) 
958 
2 
c 
T | (3 — 2 T | —————_ 
" 
Ao my 
to Ao m_ (35° ) 
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Hence it can be seen (see also (34°”)) that the main contribution to the conductivity is made 
by electrons with energy «~ (jm)2/"-4, as a result of which the distribution function cannot 
be represented in the form of a series in powers of y*. We now proceed to the case when 
(Of,/atye cannot be neglected. As can be seen from the table, during scattering of electrons 
at optical vibrations at temperatures above the Debye, the inequalities (31) are not fulfilled 
and, consequently, with increase in the average energy of the electron, the energy transferred 
by the electron to the lattice decreases. This leads to an unlimited increase in the average 
energy. 


In order to obtain the stationary distribution function, it is necessary to consider in- 
elastic collisions. As shown in [7], they can be calculated very approximately, if we assume 
that for z< z) (zp is the energy corresponding to an inelastic collision) f,) is determined by 
(15°) without the right-hand side, and for z > Zo fy(2) = 0. For continuity f)(z)) should be 
equal to zero. The solution of (15’) for r = — 1/2, q = 1/2, corresponding to scattering at 
optical vibrations, with the above additional condition, has the form 


fy=C + 10 —25')| (z (36) 


Here 


After the usual calculations, we obtain for the kinetic coefficients in the limiting case 
EA >> 1 the formulae: 


1. One form of current carriers 


(37) 


9 
etoH 
3 mc 


(38) 


(39) 


2. Two forms of current carriers N, = N_ = N. In the limiting case the formulae have the form: 


(41) 


(42) 


From the limiting formulae it can be seen that for e >> 1 Ohm’s law is observed. The 
formulas (34)-(36) correspond to the case of given current and given field, which coincide here. 
The formulae (37)-(42) refer to the case yz R >> 1 and are accurate both for the given field 


and the given current. 


14 
6 
3 1 + 375 25! 
Rw 
eNe = 
ec, H c+ 
v~—(=*) (40) 
myc 
m,¢ my m_c m_ | 
a, 
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The author thanks M.I. Kaganov for his interest in the work and discussion of the results. 


Translated by J. Thompson. 
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THE CALCULATION OF MAGNETIZATION OF MAGNETIC-UNIAXIAL 
FERRITES IN DEPENDENCE ON TEMPERATURE AND FIELD* 


E.N. IAKOVLEV 
The V.A. Steklov Mathematical Institute 
of the Academy of Sciences of the U.S.S.R. 


(Received 4 February 1957) 


The anisotropy of the magnetic properties of magnetic-uniaxial ferrites 
is considered as a consequence of the anisotropy of the "tensor of exchange 
reaction". Using the method of the approximate secondary quantum, a calcula- 
tion is made of the magnetization of a crystal in dependence on the field, 
and also the hysteresis loop in the magnetic reversal of a monocrystal at 

T= O°K. A calculation is made of the temperature dependence of magnetization 
along the axis of anisotropy and perpendicular to it in a region of tempera- 
tures close to the absolute zero. 


In the present paper, an attempt is made to provide a qualitative theory of magnetic aniso- 
tropy of uniaxial ferrites. The basis for this is the method of the approximate secondary 
quantum proposed by Bogoliubov and Tiablikov. The idea is used of regarding ferrites as two 
non-compensated ferromagnetic sub-lattices inserted one inside the other (the Neel hypothesis 
[1]. On the basis of this method, some results have already been obtained, referring to the 
temperature dependence of magnetization of isotropic ferrites. 


The authors [2] obtained the dependence in the form M= M, (1 — const T?) (M, is the 
magnetization at zero temperature). This holds for ferrites with equivalent sub-lattices but 
different magnetic moments of the sub-lattice sites. In [3,4] the dependence was obtained in 
the form M= M, (1 - const 7/2) for non-equivalent sub-lattices but with equal magnetic 
moments at the sites. A similar law (T°’*) was obtained in [5]. In this paper it was pro- 
posed that the lattices are not equivalent and that the spins in the sites are not only + 1, 
but can have arbitrary values. The author of [5] is not limited to small fields, as in [2-4] 
but considers arbitrary fields and calculates magnetization as a function of the field. 


The present paper is a continuation of paper [5]. In addition to the original data of [5], 
the magnetic anisotropy of uniaxial ferrites is taken into account. The latter is particularly 
strong with fields of the order of the fields of anisotropy. With fields of the order of ex- 
change, anisotropy does not play a part and we will in fact be dealing with an isotropic 


ferrite. 


To explain magnetic anisotropy, it is necessary to consider not only exchange interaction, 
but other forms of interaction also, e.g. spin-spin dipole, etc. Without specifying the form 
of the reaction, the Hamiltonian of the system can be represented in the form of a series 

in powers of spin components [6]. Considering ideas of symmetry, the Hamiltonian of the system 
in the magnetic field can be written in the form[7]: 
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A A_A 
H (Ay, hy) Shy Sig —p He x (1) 


a, hy, hg 


where H, is the external magnetic field, » the Bohr magneton, ae is the component of the spin 
operator, located at the site h, and Tyqbhy: hy) is the component of the "tensor of exchange 
interaction". The index h comprises two series of values: f for one sub-lattice, g for the 
other. Supposing that the axis oz is the axis of light magnetization, then 


> (ta, Ap), (2) 


I? (Ay hy) = (Ay, Aa); he) = My) = (Aa, Aa). 


The exchange integrals I? ( hy, hy), I(h,, hy), in accordance with the Neel hypothesis, are 
positive if they refer to sites of one sub-lattice and are negative if they refer to sites of 


different sub-lattices. 


In the case under consideration, that is for temperatures near the absolute zero, the com- 
ponents of the spin operator can be represented [5] in the form 


(1-28) + Abb, + (3) 


where o% is the component of the usual vector, the value of which DI o4| ae o,= 9%, if 
h= f ando, = 2%, if h= g; b f? b;* are operators obeying the adjustable relationships of the 


Bose statistics. 
The components of the vectors A, are determined according to the formulas: 


2 2 


1 z 


y 
Ve —(%)? = arctg — 
ox 


The Hamiltonian (1), after substituting the values of (3), is converted into the form 
A A 
H=E,+H,, 


Bo = (tas Fa) a) — A (hy, — He of 


hy, hg 


A (hy, Ay) = (hy, ha) —1 (Ay, ha), 
Hy = — + fin) Ong + 
h 


17 
where 
6 
| 
where 
| 
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St hy) bn, Big > SER bn 


hy he 
R*(h,, hg) (A;, hy) An, Aa? (8) 
S (Ay, fz) (My, Aa) At, 
A(h) are undefined Lagrange factors, in the determination of the minimum Ep. In the description 
of the converted Hamiltonian, we use the idea of the smallness of the average numbers of 
filling n,= by, b, and are limited to the second order with respect to the operators bp» bye 
As can easily be seen, the members of the first order are absent. 
The quadratic form it, leads to a diagonal form by the known conversion [6]: 
A 
H, = AE, + > where AE, = E,|v, 
+ 
n= ’ 


a ee are the operators of the Bose statistics. 


ZERO LEVEL 


Due to the selected symmetry (1,2), all directions in the plane XY are the same, that is the 
magnetic field, without disturbing the generality, can be selected with a zero component along 


the OY-axis. In accordance with the fact that each sub-lattice is ferromagnetic, that the spins 
of each of the sub-lattices are parallel to one another, we introduce the symbols: 


« a a « 
Of = Sg 
The energy of the free state Ey is then written in the form: 


lw > 
Hg -+ Noa). 


Here Ny» N, are the number of sites in the first and in the second sub-lattices, 


Nj3, =S§;; = S,, S,—S,>0. (11) 


The equations for the determination of o%, minimizing the form Eo» are the following: 

— = 0; 

— —Ag%qz = pHz + + 


= 31; > = 35, 
« a 


— = 0; 
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where A,=/,, + Aq; Ag = +g; are the indefinite Lagrange factors. 


We are interested in the energy £, for fields of the order of fields of anisotropy pia A, 
We consider that |A/T| << 1, and Sener in the calculation of the energy, we will limit our- 
selves tc the first order with respect to A. We notice that for the determination of the energy 
of the main state in the first approximation for A, it is sufficient to know the components of 
the spins in the zero approximation. 


Directly from (12) it can be seen that uv, = 0, = = 0. In fact, Oy» Fy, Can be different 
from zero, if the determinant of the ines’ , We: = 0. But it can easily be shown that 


if H, # 0; H, # 0, then this case is not vind in ed. 


From equations (12), considering the observation concerning smallness, we obtain in the zero 
approximation for A the following solution minimizing the form of (10): 


Oy, = 9, SIN; = 5, COSY, %x = —% SING, = — % COS F, 
where ¢(- 4) is the angle of rotation of the vectors 0, (o>) with resp. to ue axis OZ. That . 


is, the spins of the different sub-lattices are in antiparallel orientation with respect to 
one another. 


For each field (HH ) there is a definite angle of rotation of the whole system. In other 
words, without changing the mutual antiparallel orientations, the system of spins is rotated 
in the plane XZ in dependence on the field. The angle ¢ is determined by the equation: 


+ —28,S,A12 


(14) 


We will consider in detail two extreme cases: the case of a field perpendicular to the axis 
of anisotropy, and the case of a field parallel to the axis of anisotropy. 
1. FIELD PERPENDICULAR TO THE AXIS OF ANISOTROPY 


From equation (13) for H, = 0, which corresponds to the case being considered, we determine 
the angle of rotation of the spins, ¢. 


sin = y. (15) 
Magnetization along the 0Z-axis is proportional to the applied field 
My =p (S;, — S2) pxH,. (16) 


When the field reaches the value pH’ = 1/y, the spins arrange themselves perpendicular to 
the axis of anisotropy. 


- With further increase in the field, the spins remain stationary. In the first Place because 
they must be in antiparallel orientation; in the second place because the position along the 
OX-axis is energetically the most favourable. If the field »H becomes much greater than A, then 


’ the anisotropy can be neglected and the case of an isotropic ferrite [5] be considered. 


| 
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In this case the spins become along the field up to the fields 


where kK = —1,,N, = 
1 


The field nH, is of the order of |I|, since the difference is of the order of S,, S,. Thus, 
the spins do not change their orientation along the field, starting with fields pH’ = 1/y and 
finishing with the fields pH = LH, . With great tensionin the magnetic field, as shown in [5], 
the mutual antiparallel orientation is destroyed, and with still greater tension saturation 


takes place: 


p (S; — S,), < pity, 


N,N. 
pH, <pH, < pH, 


Si t+ 
N,N, 


pls = K. 


It is possible to consider the anisotropy in the following approximation. In the system of 


equations (12) we put A, = Ao = 0; A, # 0. This is to be expected, since the magnetic re- 
action for nearest neighbours is greater than for subsequent. 


Magnetization in the present case is somewhat greater than in the previous case and has the 
form: 
N. 
M, = % (Sy + (a, + 4). (18) 


The angles of rotation of the spins of each of the sub-lattices are determined by: 


pHa, 
2c, 


sing, = —pxH, + —+" , 


sin 9, = + 


(Sy + Sq) (S1 cos 2919-- So) 
252 (Si — Sy) : 
(S; + Se) (Sz cos 2¢19 — 

2S) (So S;) 


We use the formulae (17) to calculate the expressions R( hy, hy) and S(hy, hy), entering 
into the Hamiltonian H, (9), causing the dependence of magnetization on temperature for 


HH, < 1/x 


20 
where 
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R (fy fe) =R =9; Rf, — V4, [20 (fr 2) 
+- A(/,, 8) sin? Pio]; S (f, = — 20,1 (fy fa), 


S(f,8) = —A V % 2% sin® 


where 


Close to the lower boundary of the spectrum, where the elementary excitations at low tempe- 
ratures play the most important part, we have the following expressions for energies. 


+p’; EY + +p’, (20) 


H,—H 
Ay, A, 
H, +H, 


a 


H,—H 
a” == (44451 434) + — 


Hy, Hy 
lin = Lig — (v4); ~ p’ = 2(1 —sin? 9) — . 
x 


We obtain the temperature part of the magnetization M,; =—) nN < by transferring 


from the sum to integrals. 
The general magnetization for pH, < 1/x will be 
My 

V 


~ (1 (21) 


Thus, magnetization with a field directed perpendicularly to the axis of anisotropy increases 
with temperature up to fields pH, = 1/x. 
With strong fields in the range of temperatures |A,,| << 9 << 0, we Nave: 


M Mo 


Bt pH pH, 


Ma Mo (a”/k)° 


’ 


Increase in magnetization with temperature for certain fields can also be understood from 
the physical point of view. Thus, increase in magnetization for small fields, directed perpen- 
dicular to the axis of anisotropy, is due to the fact that inclination of the magnetic moment 
with the field is energetically more favourable than against the field, Therefore, during heat- 
ing, when the moments are inclined from the initial position the "amplitude" of inclination to- 


wards the field is greater than against it. 


Increase in magnetization in a ferrite may also occur because the number of reversed spins 
from one sub-lattice may not be equal to the number of reversed spins from the other. Thus, for 
strong fields nH ¢ pH, [3]. It is then more favourable to reverse the spin directed against the 


21 
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field than to change the direction of spin which is along the field. 


2. FIELD DIRECTED ALONG THE AXIS OF ANISOTROPY 


Zero level. If the energy of the main state is represented in the form: 


i 
EG = Eo — — 


—pH (N 3,2 +- 


then it can be seen immediately that the values of the spins = % %, = %y =0 
correspond to the minimum of energy ES. at least for fields H< H,. In fact, ee: amas ES iF} 
is a minimum up to fields H< A, for these values of spins. The remaining terms in the angie 
ion ES are also minimum. For large fields H, > Hy» the anisotropy does not affect the course of 
magnetization, we therefore have a case of an anisotropic ferrite. Thus: 


(S,; H<H,+h, 
pH. ;H, +h, <H<H, (24) 


+ H > Hy hy. 


M, 


The values of h, and he are determined by the relationships: 


S,— Se 

+ + So + A12¢2) 
S,— Se 


A= 


A, =— 


If |, >| Agel, the values of h, and h, are positive. 


This supports the obvious position, that the spins in the presence of anisotropy begin to 
show changes with larger fields than in the isotropic case. 


THE TEMPERATURE PART OF MAGNETIZATION 


To obtain the energy spectrum for elementary excitations, we calculate the components of 
spins in the zero approximation for 6,, by and the indefinite Lagrange factors A, and A, 


119 + — pH; 


he = — 122% + 13,0, — 


i.e. it is sufficient in the formulae for magnetization of an isotropic ferrite [5] to put in 
all cases instead of I the values I*, in order to obtain the corresponding expressions for 


anisotropic ferrites. 


MAGNETIC REVERSAL OF A DOMAIN 


During magnetic reversal in a field, perpendicular to the axis of anisotropy, the course of 


22 
(23) 
where 
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magnetization will be similar to the course for H > 0 (Fig. 1b). In fact, for H = 0, the 
magnetization M, = BS, - S,) pH, is equal to zero, and the positive and negative directions are 


equivalent. 


Magnetic reversal in a field parallel to the axis of anisotropy takes place in jumps. For 
H = 0 the magnetization, if we proceed from positive fields, is equal to HS, - S,). Energetic- 
ally, such magnetization is also favourable for negative fields (10)-(12), if the latter do not 
exceed the values - pH’ < - 1/x. 


For the field H = — |H’| there is transfer of mutually antiparallel spins at an angle ¢= 7. 


The magnetization becomes M= — p(S, — S,) (Fig. 1A’). 


Fig. 1 presents for comparison photographs of oscillograms [9] obtained with uniaxial 
magnetite. From a comparison, it can be concluded that there are no disagreements between the 


scheme under discussion and experiment. 


In the above, a consideration was made of a ferrite for which the exchange interaction bet- 
ween nearest neighbours, i.e. between sites of different sub-lattices, was great. This is a 
sufficiently real case, but not unique. It can be supposed, for example, that the exchange inte- 
gral between junctions of sub-lattices issmall, i.e. the connexion between ferromagnetic sub- 
lattices is inconsiderable. Magnetization in this case, if | I,,| << |A,,|, will be approximately 
the sum of the magnetizations of each of the 
sub-lattices (see paper [7]), if the field is 
perpendicular, and by the difference if the 
field is parallel. In the latter case reversal 
of the spins from antiparallel orientation 
occurs for small fields. 


The hysteresis loop in the case of a weak 
bond should be higher than the corresponding 
loop for strong connexion between the sub- Fig.1. Hysteresis loops obtained in a vari- 
lattices. able magnetic field (60 c/s), directed (a) 
parallel to the axis of light magnetization 
The height of the loop in the first case is and (6) Yates 
Sy). in the second 2H Thus, are the corresponding loops obtained theo- 
it becomes possible to determine which bond 
retically. 
exists in a given case. 


The author would like to tank S.V. Tiablikov for discussions of the work and a number of 
valuable observations. 


Translated by J. Thompson. 
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Formulae are derived for the value of internal friction, speed and 
coefficient of absorption of sound in systems with one or several additional 
internal parameters. Near the point of phase transition of the II kind (if 
it is caused by the existence of an additional internal parameter) a connexion 
is established between the jumps of elastic moduli and the value of internal 
friction and the connexion between the jump in the square of the velocity and 
the value for the coefficient of absorption of sound. The internal friction 
and absorption of sound near the Curie point are maximum values. VOL. 


By additional internal parameter is meant a value which characterizes a certain internal 
property of a system and, in equilibrium, is a function of state. In the deformation of a 
system, the setting up of an equilibrium value of the additional internal parameter 7 proceeds 
with delay, which leads to inelastic effects - internal friction and the absorption of sound. 


Many cases are known of internal friction in systems with additional internal parameters, 
in each of which the latter have their specific meaning. Thus, the internal friction was 
measured insystems with long range order (n is the degree of long range order) [1-5]; in solid 
solutions of the substitution type [3] and the interstitial type [6], where 7 is the degree of 
preferential distribution of atoms caused by the deformation. A case is also known of internal 
friction in an antiferromagnetic [7], where the parameter 7 is the degree of the antiferro- 


magnetic order. 


Internal friction apparently should be expected in ferromagnetics and ferrites also, in 
Seignette electrics, in piezoelectrics, in which n is respectively the spontaneous magnetiza- 
tion, spontaneous and forced electrical polarizations, and in general, in systems with a 
certain additional parameter, change in which is accompanied by deformation of the system and, 
conversely, where deformation of the system changes the additional parameter. 


In the propagation of sound in a system with an additional internal parameter, local changes 
in the state of the system will lead to its non-equilibrium change which, in turn, leads to 
the relaxation absorption of sound, since the system as a whole will pass through non-equilibrium 
states. This case refers to the absorption of sound in liquids [8-10], and also the absorption 
of sound in polyatomic gases [11]. 


Later, acoustical absorption in solids will be called internal friction, and acoustical ab- 
sorption in gases and liquids - the absorption of sound. 


* Fiz. metal. metalloved. 6, No. 6, 984-993, 1958. 


Internal friction and the absorption of sound 


In the present paper, a thermodynamic theory is given for internal friction and the relax- 
ation absorption of sound in systems with additional internal parameters. 


I. In the periodic excitation of such a system with frequency , according to the data of 
paper [12], the dynamic derivatives are equal to 


where x, y, z are values determining the state of the system. The times of relaxation 7 ”’ and 
r*? of an additional internal parameter, characteristic of the system, are respectively for 
the constants y, z and x, z, connected by the relationship 


where [ (dy/dx) |] is the contribution of the sub-system of degrees of freedom responsible for 
the property of the system characterized by the parameter 7, to the value of the derived whole 


system (dy/dx) 


In the determination of isothermal and adiabatic elastic moduli (the Young modulus, shear 
modulus, bulk modulus compression we have 


where o and ¢« are the corresponding tensions and deformations, T is the temperature and S the 
entropy. The idea of the times of relaxation r7/, r€T ang r°5, r€5 is clear from the above. 
Therefore, according to (1), the dynamic values of the isothermal and adiabatic elastic moduli 


equal: 


oT 
(3) 


1 + 4+ 


For real and imaginary parts of moduli we obtain 


= Er 1+ 


1 + (wt®)2 


(4) 


Hence, the degrees of relaxation of the moduli [3] in the isothermal and adiabatic cases equal: 


aS 


and the value of the internal friction [3] (tangent of the angle of losses) 


(6) 


= tan 8, 


1 + 


The degrees of relaxation of the elastic moduli (5), according to (2) and the determination 
of the moduli can still be represented in the form 


25 
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| 
1 + = 
“Ss 1 + (wt®S)2 
4 
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A, [Er] . [Es] 7) 


= — —— 


where [ £,] and [£,] are the parts of the isothermal and adiabatic moduli arising from the 
degrees of freedom of the system responsible for the property of the system characterized by 
the additional parameter. From (7) also becomes apparent the physical meaning of the degree of 
relaxation as the ratio of [£7] or [£,] to the full value of the corresponding elastic modulus, 
taken with a minus sign. According to (5) and (7), the actual values of the moduli from (4) can 
be written in the form: 


1+ 


1 + (w2*)2 


= 


=Es— [E,]. 


Hence it follows that [£,] and [£,] are relaxing parts corresponding to isothermal and adiabatic 
elastic moduli, For w-— c (wt? > 1, wtS > 1) we obtain: 
= E; — [Es] = 


where Er ica ES @ =o @re the non-relaxing parts of the moduli, equal to the moduli of 
the system remaining after excluding the sub-system of degrees of freedom, determining the pro- 
perty of the full system characterized by the additional parameter. 


As can easily be obtained from (6), the maximum of internal friction has a position at 
frequencies satisfying the conditions: 


The half-width of a peak of internal friction for a frequency in isothermal and adiabatic cases 
equals: 


2V3 


Ao, = 


Usually, the degrees of relaxation of the moduli are much smaller than unity, the formulae 
(6), (8) and (9) can therefore be written approximately in the following way: 


tan = 


Thus, the degrees of relaxation of elastic moduli and the value of internal friction as a 
whole are determined by the times of relaxation of the additional internal parameter. The 
problem of the dependence of times of relaxation on temperature or, in general, on parameters 
determining the state of the system has not been solved by the thermodynamic theory. 


If, in the system, a phase transition of the II kind is possible, connected with the exist- 
ence of an additional internal parameter (ferromagnetics, antiferromagnetics, Seignette 
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electrics, alloys with long range order, superconductors, etc.), then the value [ (dy/dx) mo 
part of the formula for the connexion between times of relaxation (2), reaches its maximum at 
the Curie point, where it becomes equal to the jump in the derivative (dy/0x) ‘ [12]. Con- 
sequently, near the Curie point, according to (2) for the ratio of times of relaxation we have 


A oy 
(10) 
(ir), 


where A (dy/dz), is the jump at the Curie point in the derivative (dy/dx) , Therefore, near the 
point of phase transition of the II kind, the degrees of relaxation of the elastic moduli will 
have maximum values in both isothermal and adiabatic cases, as follows from (5), and a determi- 


nation of the moduli, equal: 


A(E7) 4 (Es) 
(K) r 


The value of the internal friction in this case will also have a maximum value and equal 


oe? Ale) alk) 
tan 67 ot (1 » tans = + (12) 
( 


Consequently, the maximum of the internal friction at a corresponding frequency, satisfying 
the conditions 


(14+ AE?) =1, AR?) = 1, (13) 


will, in this case, have the greatest value near the Curie point, in the isothermal and adi- 
abatic cases equal to: 


(kK) (K) 
AE AF. 
(K T = 
tandy = tans (14) 


The results with iespect to internal friction near the Curie point refer to the neighbour- 


hoods of this point since, at the Curie point, the times of relaxation become infinitely large 
[13]. The same refers to the relaxation absorption of sound considered below. 


We will now consider internal friction in systems with an arbitrary number WN of additional 
internal parameters. As follows from the results of paper [12], for dynamic values of iso- 
thermal and adiabatic elastic moduli, we have: 


N N 
1+ iwt?? 1+ iwt®S 
where are the times of relaxation of the additional internal parameters 
for the constants «, T and constants o, 7. Similarly, thy, are the times of 


relaxation of these parameters in an adiabatic case. It should be mentioned here that only if 
the additional parameters are independent of one another, do the times of relaxation with 
index n, for example, tg and #e, refer to the additional parameter with the same index. If 
11» Nor cees nN depend on one another, the times of relaxation are general and cannot be re- 
ferred to individual parameters. 
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We will only carry out further calculations for isothermal elastic moduli. The results for 
adiabatic moduli are obtained by a simple replacement of the index T by the index S, 


The dynamic values of isothermal elastic moduli in (15) can be represented in the form 


n=l 
(17) 


If the additional parameters are independent, then A n iS a degree of relaxation Er caused by 
the existence of the n-th additional internal parameter and can also be determined according 
to (7), with all the conclusions proceeding from this. Since usually A? << 1, then (16), 
neglecting squares and higher terms with respect to A n+ can be written approximately as 
follows: 


E, 


aiid + 


For actual and imaginary parts of the isothermal moduli, we obtain 


From (19) and (20) we find the full degree of relaxation of the isothermal modulus 


(wz) 


and the value of internal friction 


(22) 


For a2 << 1 in (22) it is possible to deal only with the linear terms with respect to A . 
and present the expression for internal friction (22) in a more convenient form 
N 


wt? 
a= 2 
n 


n=l 


as the sum of separate internal frictions described by the times of relaxation il T and pag 


If the additional parameters are independent, then, as already mentioned, the times of re- 
laxation with the index n refer only to the parameter with the same index. In this case, the 
full internal friction, according to (23), will be the sum of the internal frictions caused by 
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the separate parameters, and the degree of relaxation (21) will be the sum of the degrees of 
relaxation from these parameters. 


For additional parameters, depending on one another, each term of the sum (23) characterizes 
the friction, proceeding from one of the N possible independent linear combinations among the 
additional parameters. This refers to the degree of relaxation (21). In fact, with this condi- 
tion, the relaxation of parameters 7, to their equilibrium values Wee for example with con- 
stants « and T, will occur according to the law [12] 


N 
0 t 

where bd are coefficients independent of the time t. Solving this system of equations with 
respect to exponential factors, we obtain 


: | 
K 

where é, are the new, now independent internal parameters with equilibrium values é. which, 
for the purposes of solution, are linear combinations of additional parameters. The coeffi- 


cients are determined by the initial conditions. 


The results of measuring internal friction from several additional internal parameters in 
solid solutions of the interstitial type are given in papers [6]. 


II. We proceed to the problem of the relaxation absorption of sound in systems with addi- 
tional internal parameters. 


Since the square of the speed of sound 


(24) 


where P is the pressure, V is the volume and S is the entropy of the system, then according to 
(1), for the square of the complex velocity of sound of frequency w, we obtain 


a= (25) 
1+ YS 


where c% is the square of the usual Laplace speed of sound, and rPS and 7 VS are the adiabatic 

times of relaxation of the additional internal parameter of the system, respectively, at con- 

stant pressure P and at constant volume V. The result obtained is presented in a form suitable 
for further calculations 


(26) 


t 
Aa=———1 (27) 


t 


is the degree of relaxation of the square of the speed of sound or the same of the derivative 
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The actual speed and coefficient of absorption per unit length is obtained from the relation- 
ships 


1 
Cw = RE Ca} a=wolm— . 


Since usually MX, << 1, then to the first approximation with respect to A. we have 


Acs 


For the coefficient of absorption per unit length of wave 


2Qrac,, 


» = 


from (28) and (29), neglecting powers of A. above the first, we obtain 


The maximum of (30) takes place at a frequency of Os satisfying the condition 


(31) 
and equal to 


Umax = (32) 


As in the case of internal friction, the speed and coefficient of absorption of sound near 
the Curie point are obtained if the degree of relaxation of the square of the speed of sound 
near this point is substituted into (28) and (30) 


, (33) 


where A (2) is the jump at the Curie point of the square of the speed of sound, Thus, near the 
Curie point 


VS 


A = (34) 


+ (we YS)2 


(K) 
£0 


wr YS (ct) (35) 
1+ 


and the maximum absorption of sound, at a corresponding frequency, satisfying the condition 
(31), will have the greatest value in this case 


(36) 


The degree of relaxation of the square of the velocity of sound is present in all the ob- 
tained formulae, it is therefore important to establish its dependence on known values. As 
shown in [12], applied to the problem under consideration, between the times of relaxation r 
and r"S there is the following connexion: 


PS 
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Cy— (Cy) (Cp] —|( 
OV 


Cc 
Vv PS P (37) 


where Cp and Cy are the specific heats of the system at constant pressure and constant volume: 
[Cp] and [C,] are the specific heats of the sub-system of degrees of freedom responsible for 
the appearance of the property of the system characterized by the additional internal parameter 
n; [@P/dV) 7] is the contribution of this sub-system to the value of the derivative (dP/V) 7 of 
the full system. For the degree of relaxation of the square of the velocity of sound, according 
to (27), we obtain 


oP (OP 


Cp(Cy—[Cy)) (2) 
T 


c2 


At the point of phase transition of the second kind, if it is caused by the existence of an 
additional internal parameter, the values [Cp],[Cy],[(dP/0V) 7] achieved maximum values equal 
to the jumps A Cp, A Cy, A (0P/OV) 7 of specific heats and the derivative (0P/dV), Therefore, . 
near the Curie point, the degree of relaxation (38) will equal 


oP oP 
(K) Cy(Cp—ACp) (39) 


T 


The results obtained here are directly applicable to the relaxation absorption of sound in 
polyatomic gases and liquids. 


For polyatomic gases [11] and certain liquids [9] the additional internal parameter n is the 
concentration of excited molecules. In this case, apparently, it is possible to use 


(ol 


where [C] is the specific heat of the internal degrees of freedom of the molecule. Consequently, 
the degree of relaxation of the square of the velocity of sound, according to (38), will be 


equal to 
(Cp— Cy) [C] 


40 
Cp (Cy — [C}) 


Acs 


If this value of the degree of relaxation is substituted in formula (29), we obtain the 
coefficient of the absorption of sound in polyatomic gases and certain liquids with an accuracy 
depending on the transformations and determination of the time of relaxation, coinciding with 
coefficients of absorption given in[11, 9].Here, we have a case of relaxation processes, which 


depend only on temperature-thermal relaxation. 


The assumption that [ (dP/dV),] = 0 (only thermal relaxation) is not justifiable for all 
liquids. Thus, for water in the temperature range 0-80°C, the ratio of specific heats y = 1 
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(it can therefore be assumed that [Cp]= [Cy] ) and, consequently, from (40) and (29) the re- 
laxation absorption of sound and water should be absent, which contradicts experiment. 


In [10] the absorption of sound in water is explained by the isothermal relaxation between 
ordered (ice-like) and random structures of arrangement of the water molecules (7 is the degree 
of a short range order). According to (38), for y = 1 and [Cp]= [Cy], for the degree of re- 
laxation of the square of the speed of sound, we obtain 


(41) 


where [ (OP/0V)..] is a part of the corresponding full derivative caused by the existence of a 
short range order in the arrangement of the water molecules. This, together with (29), gives 
the coefficient of absorption of sound in water, coinciding with an accuracy depending on the 
transformations and determination of the time of relaxation, with the coefficient of absorp- 
tion obtained in [10]. In this case, the so-called structural relaxation is set up. 


In systems with several additional internal parameters, similar to (15), for the square of 
the complex velocity of sound we have 


1 + PS 
(42) 
-VS 
1 + 


where rc and ay are the adiabatic times of relaxation of the additional internal parameters 
for constant pressure and volume. The times of relaxation with index n refer to the parameter 
with the same index, if the additional parameters do not depend on one another. In the opposite 


case, the times of relaxation are general and cannot be related to separate parameters. 


The square of the speed of sound (42) can be presented in the form 


1+ 


PS 
n 

A, =—ys — 1. 
n 


(44) 


For independent additional parameters, A, is the degree of relaxation of the square of the 
speed of sound from the additional internal parameters with the same index, and for A, the 


relationship (38) is justifiable. 


As in the case of internal friction, using the fact that Ne << 1, for the actual speed of 
sound and the coefficient of absorption per length of wave, we obtain 


(wt 


N 
wry * An 
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From (45), for the full degree of relaxation of the speed of sound, we obtain 


(47) 


If the additional parameters are independent, the coefficient of absorption (46) and degree 
of relaxation (47) are the sums of the coefficients of absorption and the degrees of relaxation 
from separate additional internal parameters. With additional parameters, depending on one an- 
other, as also for the internal friction, the terms of the sums in (45), (46) and (47) refer 
to possible independent linear combinations of them. 


The results obtained here for internal friction and the absorption of sound have a general 
character and do not depend on the nature of additional internal parameters. In each concrete 
case of internal friction and the absorption of sound, it is necessary to study the nature of 
the additional internal parameters, which also makes it possible to further clarify the 
formulae derived here. 


Translated by J. Thompson, 
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THE ROLE OF SURFACE ENERGY IN THE PHENOMENON 
OF SUPERCONDUCTIVITY* 


V.L. GINZBURG 
The P.N. Lebedev Physical Institute of the Academy 
of Sciences of the U.S.S.R. 


(Received 28 June 1958) 


The main parameter characterizing the superconducting state is "the concentration of super- 
conducting electrons" ny In magnetic fields comparable with the critical (in particular, for 
the calculation of the surface energy o nS at the boundary between superconducting and normal 
eg Re the value ng cannot be considered constant. On the contrary, the dependence itself 

5 @ should be determined from the condition of minimum free energy f FopydV. In agreement with 


titis, in [1] was put no =4*(r). ¥(n), 


He 


where B = H= rot A; Mis the coefficient of dimension of the mass; e the charge of the free 
electron [2]; h and c are the quantum constant and velocity of light; the anisotropies are 
neglected. For the function Fo((T, | us| 2) of the free energy, in the absence of a field we 
select the expression 


Foo = Fao (T) + (2) 


The equilibrium value in the absence of the field we =- a/B 4 obtained from the conditio 
OF = 0; the critical field for the massive metal 87 )) = 


the depth of penetration of a weak magnetic field any _ _Mcep . The results 
4ne2 4ne? |a| 


do not depend on the form of the functions a(T) and see: In the simplest case it is possible 
to write 


1—(T/T,)*] (1 + 


4nct 2 —2 


M? ct 

Near to T,. there is no doubt of the justifiability of the expression (2); it can be justifi- 
able at low temperatures also [3-6]. Within the framework of the phenomenological theory, the 
value n, = Weis determined only by 5 os which makes it possible to put in (1) the coefficient 


*" Fiz. metal. metalloved. 6, No. 6, 994-998, 1958. 
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M equal to the mass of the free electron m The fact that ™~ m is clear from general consider- 
ations. The value of M in (1) can be determined specifically after a connexion is established 
between the interpolated w-function with the true wave function of electrons in the metal (it 
seems probable to us that the concentration n,= W*v is connected with the bi-particle matrix 
of density and for T= 0 is equal to the full concentration of conductivity electrons. M is the 
mass of the free electron or, for example, the effective mass appearing in the theory of con- 
ductivity). 

The gradient term in (1) is comparable with the volume term al Us | for heterogeneous distri- 


butions with characteristic length of the order 


V 2m eh 2x he 
= 2.17-10’ (4) 


Showing the smallness of the mass am and the relative smallness of a in the superconductors, 
the length 1 is great in comparison with atomic distances (usually |~ 107"), Consequently, the 
gradient (short range order) term in (1) is of completely quantum origin and there is no reason 
to expect the appearance in (1) of derivatives of a higher order. The large value of / means 
that fluctuations in the value ng near T, are strongly depressed, in comparison with those 
existing for other transitions of the II kind. This explains, in our opinion, the absence of 
the anomaly of the A-type for transitions in superconductors. Hence follows the applicability 
of analysis (2) near Th, apart from the quite insignificant region of temperatures containing 


the point Th 


From the condition of minimum energy JF gpd we obtain equations for vu: and A, which, together 
with the corresponding boundary conditions, form a full system of relationships necessary for 
finding all measurable values [1-8]. 


Without dealing with superconductors of small dimensions (see [1,7,8] ), here we will deal 
with the properties of massive samples only. For H = 0 and H << Hyy it can be considered that 
= 2 const, and from (1) follows the London equation. With increase in the field, the 
space heterogeneity vi, becomes important, connected with which is the appearance of additional 


energy with density 


Din 
h? 
Qin (V¥) 4x2 ( 
where Wy = W/W, This energy can be called surface energy in the phenomenon of superconduct- 
ivity. Its appearance is always connected with the presence of a boundary, or with a vacuum, or 


with a normal phase. It is not necessary to consider any other energy of the surface type in 
the theory of superconductivity.* 
For a massive metal, the surface energy, as understood here, is important for finding the 


value of o in the determination of the boundary of the regions of supereooling and super- 
heating (i.e. the fields Hy, and Hr and for finding the dependence of the depth of penetration 


At the boundary of the metal with vacuum, the surface energy can be different for normal] and 
superconducting states. However, the difference in energies 9, = (Hi-y/87) corresponds 
to the values || ~ 1078 + 107” cm (see [1,9,10]. At the same time, in the phenomenon of 
superconductivity much higher energies are important, for which the characteristic length 


13 107° om, 
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on the tension of the magnetic field. 


For 01S = A Hyy /87 [1,5]: the results of the calculations are 


A=1.89,/%, Vx<l, (5) 


but with the values of xy encountered in practice, the results of numerical calculations must be 
used (see Table 1). The value of in the transition layer changes smoothly from wv, to zero at 
a distance of the order of 1 = 6)/x. 


TABLE 1. TABLE 2, 


x 


t 


Aor 
on 

r= DN & 


jooooocooo 


| 


The value o < depend only weakly (see [3-6,11]) on the form of the function Feo( v2) In 
an experiment with Sn, the temperature dependence A was obtained [12,13], close to the theore- 
tical, but the absolute values were 1.2-1.5 times greater than the calculated. However, tin 
apparently behaves anomalously [14]. It is necessary to measure ons for other superconductors 
also, 


It follows from theory [1,15], that in fields H < Hg, the normal phase becomes unstable and 
cannot exist even as a metastable state. Therefore, supercooling of the normal phase below the 
value Hy, is impossible, whereupon [15] 


9° 


= V 22H = 3.04 - (6) 


The experimental data of [14] for Al and In, referring to the region Ty, are in good agreement 
with formula (6). For Sn, the observed limiting field is greater than Ary which does not con- 
tradict theory (the fact that the field Hy, is not reached may be connected with the non-ideal- 
ity of samples, the role of anisotropy, etc.). We notice that superconductors with xy > 1/ V2 
should behave anomalously [1], since in this case Hy, > Hyy + From this, it is apparently 
possible to understand the behaviour of a number of alloys [15,16]. 


The superheating of a superconducting phase is also possible only within certain limits - the 
corresponding field parallel to the plane boundary of the metal, in which the sample can still 
remain superconducting, does not exceed the value of Hy whereupon [6 ] 


Ho Hams Vix 1, (7) 


and with high values of xy, it is necessary to use results of numerical calculations (see Table 
2, where WK is the value Wy = W/W, at the boundary of the superconductor with the vacuum, 
corresponding to the field Hy, for # 0, i.e. in the depth of the metal, Wy always equals 1). 


If the external magnetic field is comparable with Hyy, then the 7 - function close to the 
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to the boundary of the superconductor with the vacuum is distorted, and at the boundary itself 
YW < 1. Corresponding changes, however, for y << 1 and H< Hyy are small, which means that the 
change in the depth of penetration is also small [1,5] 


3,,— 6 
H 0 3x 
= ey, 8 

ten (8) 
where by is the depth of penetration for a weak magnetic field, parallel to a strong field, 
the tension of which, at the boundary, is equal to H. If one is dealing with the depth of 
penetration of a very strong field, or a superimposed weak (variable) field perpendicular to 
the strong field, then expression (8) should be divided by 3. 


The values of 5, and, apparently, the value Hr depend strongly on the form of the function 
Fso(\v|*) ([3,5,6]. This does not apply to the field Hy,- We do not have quantitative data on 
5 and Hy>, compared with theory. 


In paper [17], in agreement with the assumption made previously [18], it was found that even 
for weak fields, the London equation holds only for a limited case. With an accuracy ~ 10-15%, 
for which the theory of [17] can only be considered to hold in its simplest form (without 
calculating the anisotropy of the crystal, etc.), the London equation in a weak field can be 
used for pure metals whilst ¢, /5, ¢ 1 where €) = 0.18 hv,/kT, and v is the velocity at the 
Fermi boundary. According to [17] for Sn, g5 = 2.5.x 107° and the London equation is suitable 
in the region Ty- T< 0.1+ 0.15°. In fact, this region may be much wider, since the value 
ty = 2.5 x 107° cannot be considered to be reliable. For Pb, the London equation is probably 
applicable at all temperatures. This also applies to many alloys where go plays a smaller role 
than the parameter € (see [18]). On the contrary, for a number of metals with low Ty (@.8. 
for Al) the London equation holds only in a very narrow field near Ty 


On the basis of the theory of [17] it is possible, in principle, to consider also the case 
of strong fields, but this has not yet been done. Therefore, at the present time, it is per- 
fectly natural to use the theory of [1] and its non-local generalizations (see, for example, 
[4] para. 28), the more so since it seems to us highly probable that they can subsequently be 
based on the microscopic theory. It may be thought that in the calculation of the field Hy, 
and the dependence 5 y(H) the region of applicability of the theory [1] used above amounts to 
the requirement € 0 $ 1. However, in calculating the values of A and Ay) the region of 
applicability of theory [1] is much wider. The fact is that in these cases the field and y- 
function change noticeably not for a length of the order of 55 but for a length of the order 
of l= 5, /x>> 5, (for pure metals << 1). Therefore, even for Al, where = 1.5 x 1074 (see 
[17]) for Ty = T< 0.1° we have: 5,/yx> 3.107" > &,. Hence, it can be seen why, in practice 
(see [14]), formula (6) was also suitable for Al. We notice, finally, that in using the form- 
ulas given above, by 5, should be understood the London value for the depth of penetration, 
which for E> > 1 does not coincide with the depth of penetration measured in practice for a 


weak field. 


The further study of the role of surface energy (i.e. experimental determination of the 
values A, Hy,, Hy, and 5, and a comparison of the results with theory) is still, in our opinion, 


one of the most important problems in the study of superconductivity. 


Translated by J. Thompson. 
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THE CHANGE OF THE ELECTRICAL RESISTIVITY OF METALLIC 
FERROMAGNETICS UNDER THE INFLUENCE OF A 
RADIO-FREQUENCY MAGNETIC FIELD* 


R.A. DAUTOV 
Kazansk State Pedagogical Institute 


(Received 25 February 1957) 


The phenomenon of the change in the electrical resistivity of ferro- 
magnetic materials placed in a constant magnetic field has been termed the 
Goldhammer effect. Depending on whether the directions of the constant 
Magnetic field and current are parallel or antiparallel, or at right angles 
to each other, the effect will be longitudinal (Ap,,/p) or transverse 
(Ap /p), respectively [1]. As a result of many experimental and theoretical 
investigations it was established that the relative change in the electrical 
resistivity, Ap /p, of ferromagnetics under the action of a constant 
magnetic field H is directly proportional to the square of the resultant 
intensity of magnetization of the ferromagnetic specimen. 


During studies of relaxation phenomena in ferromagnetic resonance, data 
have been obtained on a substantial change in the magnetization of both 
semiconducting and some metallic ferromagnetics under the action of a radio- 
frequency magnetic field in the presence of a constant magnetic field at 
right angles to the former [2,4,14]. Since the Goldhammer effect depends on 
magnetization and since a radio-frequency field with a sufficiently large 
amplitude A, changes the magnetic state of ferromagnetics, it follows that 
the electrical resistivity to direct current in ferromagnetics should under- 
go a definite change under the action of an intense radio-frequency magnetic 
field. 


In a paper published earlier [3], it was already reported that this 
change in the electrical resistivity of ferromagnetics to direct current 
under the action of a radio-frequency magnetic field in the presence of a 
constant magnetic field at right angles to the former had been observed in 
specimens of dynamo (about 1% Si) and transformer (about 4% Si) steels. 


The present article contains the results of a subsequent investigation of 
this phenomenon, made on molybdenum Permalloy (about 3.8% Mo) and nickel, as 
well as on the above-mentioned transformer steel under isothermal conditions. 
The test equipment has already been described in [3], and only differed in 
this case in that, to perform the isothermal measurements, the temperature 
of the specimens was maintained constant by immersing them in an inert di- 
electric liquid; a 200° fraction of distilled kerosene was used as the liquid. 
The thermostating liquid was poured into a glass Dewar flask, in which 
previously a Plexiglas holder with a specimen was placed. The flask, together 
with the liquid, holder and specimen, was located in the coil of the osc- 
illatory circuit of a generator capable of establishing a field with a fre- 


* Fiz. metal. netalloved. 6, No. 6, 999-1005, 1958. 
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quency of 5 x 10¥ c/s and an amplitude of the order of 6-7 oersted. As in 
the method [3] described earlier, the measurements were taken after 
reaching a thermal equilibrium between the specimen (volume of about 
0.006 cm ) and the thermostating liquid (volume of 100 cm? ) at a tempera- 
ture of 21.5° C. Temperature control, with an accuracy to 0.05° C, was 
exercised using a mercury thermometer. The need for carrying out isothermal 
tests arose from the intention of confirming that the change in the elec- 
trical resistivity observed in ferromagnetics under the action of a radio- 
frequency field was not due to possible high-frequency heating of their 


crystal lattice. 


EXPERIMENTAL RESULTS AND THEIR the constant field, the electrical resistivity 
ASSESSMENT of the-specimens investigated increased 
slightly. 


Experimental data were obtained for the 
effect both in the absence of a high-fre- 


quency field and in its presence. The need Oib-—~ae sia 
for performing both types of measurement of +042 nade 
Ap (H_)/p for each of the test substances was +008 A 
dictated by the fact that the obvious inte- +004 t 
(oersted) 
rest in the tests on ferromagnetic resonance 0 h 
lay in discovering the part played by the ~004 - 
radio-frequency magnetic field. The test re- ~Q06 
sults are given in Figs. 1-6, 1-6 in the form 7 V2 
of curves 1, 2 and 3, showing the relation- “a6 NX 
ship between both Ap,,/p and Ap /?, and the yer: T 
magnitude of the constant magnetic field, ’ 
varying between 0 and 2000 oersted. The mag- Fig. 1. Transformer steel, transverse effect. 


netic fields were at right angles to each 
other, and their directions lay in the plane 
of the specimens, which had the form of thin, Pe a) 
rectangular plates. When the curve 2 for the P 


longitudinal effect was being determined, the ad Transformer 
radio-frequency magnetic field was found to an Steel 
be at right angles to the direct current in 0 7. 
the specimen. pees 
~008 

When determining the curve for the trans- -Ql2 N 
verse effect, the constant field was at right 016 wa <2} 
angles to, and the radio-frequency field -020 i 
parallel to, the direction of the current 
through the specimen. The curves / in the Fig. 2. Transformer steel, longitudinal effect. 
diagrams under consideration represent the 
static Goldhammer effect, i.e. the function 
Ap (H_)/p without a radio-frequency field. The Subsequently, the curve 2 was determined 
data for the curves 3 are based on the ordi- from this variable value of the electrical 
nates of points on the curves 1 and 2 in the resistance; as the value of the constant field 
corresponding diagrams. The method used in increased, the share of the change in the 
constructing the curves 3 differed slightly electrical resistivity, attributable solely 
from that described in [3]. After applying to the radio-frequency field, gradually de- 


the radio-frequency field in the absence of creased. At high values of the constant field, 
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the electrical resistivity approaches a value 
which corresponds to this particular value of 
the constant field in the absence of the 
radio-frequency field. Using an expression 
employed in the literature on paramagnetic re- 
sonance at low frequencies with large zero 
field absorption, we can say, as regards our 
case, that the radio-frequency part of the 
change in the electrical resistivity becomes 
"suppressed" in the region of high values of 
the constant magnetic field. Bearing this in 
mind, the curves 3 were constructed as in [3], 
i.e. from the difference between the ordi- 
nates of the curves 1 and 2, but were dis- 
placed upwards by an amount equal to the ordi- 
nate of that point on the curve 3, at which, 
prior to the upward displacement, the curve 
had the maximum negative value. 

The results of the measurements of the 
transverse and longitudinal effects for the 
transformer steel (about 4% Si) are represent- 
ed by the curves in Figs. 1 and 2, respect- 
ively. The specimen investigated had a volume 
of x Gi2d x 3.2 cm, and an initial 
electrical resistivity of 0.107 2. Apart from 
the transformer steel, the Goldhammer effect 
was also studied in nickel and in molybdenum 
Permalloy. The Permalloy specimen was cut from 
a very thin strip (30 » thick) with a composi- 
tion of 78.5% Ni, 3.8% Mo and 16% Fe, and had 
a length of 31 mm, width of 2 mm and initial 
electrical resistivity in the demagnetized 
state of 0.44 1. The data obtained for it are 
shown graphically in Figs. 3 and 4. The curves 
of the transverse and longitudinal effects for 
nickel are presented in Figs. 5 and 6. 


The curves 4 in these diagrams, represent- 
ing the static Goldhammer effect, have the 
familiar shape. At low values of the intensity 
of the constant magnetic field, the electrical 
resistivity changes fairly rapidly. This 
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Fig. 5. Nickel, transverse effect. 


section of the curve Ap (H_)/p is usually in- 
terpreted as being connected with the pro- 
cesses of technical magnetization. With in- 
creasing intensity of the field, the extent 

of the change in the electrical resistivity 
becomes gradually smaller and in the region 

of the paraprocess Ap (H_)/p, while decreas- 
ing, tends towards some limiting value. A re- 
lationship such as that represented by the 
curve 2 does not appear to have been examined 
by anybody prior to the investigation [3], 
i.e. the Goldhammer effect had not been 
studied in the presence of a transverse radio- 
frequency magnetic field. The experiments on 
the Goldhammer effect were planned in this 
form because of the need to determine whether 
a radio-frequency magnetic field affected the 
electrical resistivity of ferromagnetics. 
Should such an effect be detected, the problem 
of the connexion with the phenomenon of ferro- 
magnetic resonance was also of interest. 


As can be seen from Figs. 1-6, the curves 
2 differ substantially in type from the curves 
1 for the static effect. Firstly, in the case 
of the transverse effect, they extend further 
into the region of negative values of 
Ap (#.)/p, thus indicating a greater change 
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in the electrical resistivity with increasing 
constant magnetic field, compared with the 
change in the static effect. Secondly, in the 
case of the longitudinal effect, instead of a 
positive change of the electrical resistivity, 
there is a hump on the curve 2 (see Fig. 4), 
with subsequent negative Ap (H_)/p in the 
region of higher values of the constant field. 
As the static longitudinal effect for the 
transformer steel is negative, the curve 2 
exhibits a steady descent; the static effect 
being superimposed, the value of the result- 
ant change in the electrical resistivity in- 
creases, An examination of Figs. 5 and 6 
shows that the nickel specimen is unique as 
regards the Goldhammer effect in the presence 
of a radio-frequency magnetic field in that 
this effect for nickel is practically the 
same as the static effect. This peculiarity 
of nickel will be discussed below with refer- 
ence to the relaxation time in nickel for 
ferromagnetic resonance. 


Of particular interest are the curves 
marked in the diagrams with the numeral 3, 
They have been obtained as a difference bet- 
ween the results of the measurements of the 
Goldhammer effect with a radio-frequency 
magnetic field and of the static effect. It 
can therefore be considered that the diffe- 
rential curve 3 represents simply the rela- 
tionship between the part of the change in 
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Fig. 6. Nickel, longitudinal effect. 


the electrical resistivity, due to the radio- 
frequency magnetic field, and the value of 
the constant magnetic field. Its shape is 
similar to that of the curves of resonance 
paramagnetic absorption at low frequencies, 
when their maxima do not appear fully, so 
that in tests only the descending portions of 
the curves with a large zero field absorption 
can be plotted. This situation is usually en- 
countered in those cases when the absorption 
curves are not clearly defined and have a 
fairly large width, and tests are performed 
using ap oscillating field with an angular 
frequency satisfying the condition @ T, << 1, 
where T, is a parameter characterizing the 
width of the absorption line. The reason why 
we are obliged here to turn to the analogy 
with paramagnetic resonance is that no data 
could be found relating to ferromagnetic 
resonance at such low frequencies in the pre- 
sence of a polarizing constant field. 


Let us now interpret the experimental data 
shown in Figs. 1-6. 


It has been observed [2,4] that the compo- 
nent of magnetization, M_, in the direction 
of the constant magnetic field can be sub- 
stantially changed by the application of a 
transverse radio-frequency magnetic field with 
a sufficiently large amplitude. The variation 
of M_ with the intensity of the constant 
magnetic field in the region of centimetre 
waves has then a resonant character and is 
determined by the value of the amplitude A, 
of the radio-frequency magnetic field. Since 
the electrical resistivity of a ferromagnetic 
is proportional to the square of magnetiza- 
tion, any change in the latter will be re- 
flected in the value of the electrical resist- 
ivity. For example, from the shape of the 
curve of the static effect it is known that, 
in the region of the paraprocess, in which 
true magnetization takes place, i.e. there is 
an increase of the absolute value of magneti- 
zation in the direction of the constant 
magnetic field, a reduction of the electrical 
resistivity of a ferromagnetic is observed in 
both the longitudinal and transverse effects. 
Since in our experiments the frequency of the 
oscillating field was such as to comply with 
the relationship w T, << 1, we experienced 
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only an increase in magnetization in the 
direction of the constant magnetic field and, 
consequently, a decrease in the radio-fre- 
quency part of the increase in the electrical 
resistivity, described by thecurves 3 in Figs. 
1-4, 


At higher frequencies of the oscillating 
magnetic field, the character of the curve 3, 
representing the change in the radio-frequency 
share of the increase in the electrical resist- 
ivity, Ap,,(#)/p, with the intensity of the 
constant magnetic field, will probably differ 
from that of our curves. Upon examining the 
curves of M_(H_) in Figs. 6 and 8 in [4], one 
may with some justification expect that, in 
the region of centimetre electromagnetic 
waves, the curve of Ap_ f (H_)/p (curve 3) will 
apparently have a resonant character, i.e. 
after a certain, relatively small value of the 
constant field, Ap,,(H_)/p will begin to in- 
crease, will reach a maximum and will then 
vanish at high intensities of the constant 
field. 


The results obtained during the measure- 
ments of the Goldhammer effect in the presence 
of a radio-frequency magnetic field can also 
be interpreted qualitatively from a different 
point of view. 


In experiments on ferromagnetic resonance, 
the radio-frequency magnetic field excites 
the ferromagnetic spin-system (the spin-system 
becomes "heated" without any substantial 
change in the lattice temperature): spin waves, 
additional to those present at the given tem- 
perature, appear in the system [5], disturb- 
ing the homogeneity of magnetization of the 
ferromagnetic body. These heterogeneities in 
spin magnetization can become additional 
centres on which conduction electrons will be 
scattered. In effect, such a scatter of con- 
duction electrons as a result of collisions 
with these heterogeneities will manifest it- 
self as an additional electrical resistivity 
of the ferromagnetic, which is not displayed, 
for example, by diamagnetic metals. The 
possibility of this additional electrical 
resistivity of ferromagnetic metals at low 
temperatures was examined as early as 1948 
by Vonsovskii [6]. Later this subject was de- 


veloped by Turov [7]. 


The test equipment in our experiments was 
similar to the ferromagnetic-resonance appa- 
ratus, except that in the latter measurements 
were made of either up”, i.e. the imaginary 
part of the high-frequency permeability, or 
of the magnetization in the direction of the 
constant magnetic field [8,2,4]. In the pre- 
sent investigation, measurements were made of 
the change in the electrical resistivity of a 
specimen subjected to the influence of the 
same combination of a radio-frequency and a 
constant magnetic field at right angles to 
each other. Thus, these experimental condi- 
tions led to the excitation of spin waves in 
the same way as in the ferromagnetic-resonance 
experiments [5]. In consequence, an increase 
in the electrical resistivity of ferromagnetic 
specimens was observed, as depicted by the 
curves 3 in Figs. 1-4. 


Let us also consider one other fact which 
may be of considerable importance when 
attempting to determine the relationship bet- 
ween the additional part of the change in the 
electrical resistivity and the intensity of 
the internal constant magnetic field for a 
given frequency of the oscillating field. We 
are referring here to the part played by the 
value of the spin-lattice relaxation time, 
particularly in connexion with the experimental 
data obtained for nickel. 


RESULTS FOR NICKEL 


An inspection of the curves in Figs. 5 and 
6, representing the results of measurements 
on the nickel specimen, leads to the conclu- 
sion that the latter behaves differently from 
the other metallic ferromagnetics investigated. 
The Goldhammer effect in the presence of a 
high-frequency magnetic field (curve 2) for 
nickel is practically no different from the 
static effect (curve 1). Thus, the effect on 
the nickel specimen of the high-frequency 
magnetic field (about 10’ c/s) in relation to 
the intensity of the constant magnetic field 
is practically imperceptible, althvuugh the 
increase in the electrical resistivity upon 
application of the oscillating field was 
appreciable. No quantitative data can be sub- 


mitted, since our attention was not concen- 
trated on the study of variations in the 
electrical resistivity under the influence of 
the high-frequency magnetic field alone, in 
the absence of a constant magnetic field. 
However, each time the valve generator was 
switched on for the purpose of exciting a 
radio-frequency magnetic field, and during 
the subsequent action of that field on the 
metallic specimen, there was noticeable in- 
crease of the electrical resistivity. This 
phenomenon was absent when the ferromagnetic 
specimen was replaced by a plate of diamag- 
netic electrolytic copper with the same di- 
mensions. The unique behaviour of nickel as 
regards the above phenomenon can be explained 
by taking into account the data on ferro- 
magnetic resonance in nickel. 


Ferromagnetic resonance in nickel has been 
studied by a number of authors [9-12]. It has 
been established that the time of spin-lattice 
relaxation in nickel is very short and has a 
value of the order of 1.5 x 10719 sec [9] at 
300° K, which is nearly two orders less than 
the corresponding value for iron. At room 
temperature, T; for iron is approximately 
107° sec [13]. The value of T, for nickel, de- 
termined from relaxation measurements [14], 
was found to be less than 5 x 10719 sec. The 
authors of [14] note that connected with this 
fact is the absence in metallic nickel of the 
saturation effect ("heating" of the spin- 
system), even at the highest levels of power 
investigated. The amplitude of the ultra-high- 
frequency magnetic field in their experiments 
could be raised up to 50 oersted. 


This fact, i.e. the low value of T, for 
nickel, probably appears fully also in our 
experiments. In fact, the change of the com- 
ponent of magnetization along the constant 
field from the value of M, to M_ upon applica- 
tion of a transverse constant highfrequency 
magnetic field occurs in a time determined by 
the relaxation processes, i.e. in T, sec. 
Since the time of spin-lattice relaxation, T,, 
for nickel is of the order of 107!° sec, the 
spin-system is practically always in equilib- 
rium with the lattice, and no change of mag- 
netization appears. For this reason, the 


radio-frequency part of the change in the 
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electrical resistivity, which depends on the 
intensity of the constant magnetic field, 
does not appear either. 


The absence of a marked difference between 
the shape of the curves 1 and 2 in Figs. 5 
and 6 for nickel is, in our opinion, an addi- 
tional proof that the effect observed in other 
metallic specimens is not wholly connected with 
thermal warming up. If this effect were due to 
thermal excitation, it would be most prominent 
in nickel, since the Curie temperature of 
nickel is lower than that of the other metallic 
specimens used in the experiments. 


CONCLUSIONS 


1. An investigation was made of the effect 
of a relatively strong radio-frequency mag- 
netic field on the Goldhammer effect with 
direct current on metallic specimens from 
transformer steel (approximately 4% Si), molyb- 
denum Permalloy (3.8% Mo) and nickel. It was 
found that the action on metallic ferromagnetics 
of the radio-frequency magnetic field alone re- 
sults in an increase of their electrical re- 
sistivity It was established experimentally 
that, in the presence of a radio-frequency 
magnetic field, both the longitudinal and the 
transverse effects (curves 2 in Figs. 1-4) 
differ substantially from the static Gold- 
hammer effect. 


2. A curve was obtained (curve 3 in Figs. 
1-4) for the share of the increase in the 
electrical resistivity of a metallic ferro- 
magnetic, due to the action of the radio- 
frequency magnetic field. It was observed that 
this additional part of the change in the 
electrical resistivity depends on the inten- 
sity of the internal constant magnetic field 
and, at the given frequency (5 x 10’ c/s) of 
the oscillating field, decreases with in- 
creasing constant field, practically vanish- 
ing in the region of strong fields. Such re- 
lationship is found when investigating both 
the longitudinal and transverse Goldhammer 
effects. 


3. A qualitative explanation was given for 
the observed additional increase in the elec- 
trical resistivity of metallic ferromagnetics 
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under the influence of a radio-frequency 
magnetic field. 


4. A connexion was established between the 
phenomenon investigated and ferromagnetic 
resonance. The phenomenon of saturation in 
ferromagnetic resonance is barely perceptible 
in those cases when the times of spin-lattice 
relaxation are short. A similar situation 
arises in the Goldhammer effect in the pre- 
sence of a radio-frequency magnetic field. The 
cause of this lies in the fact that, with 
short spin-lattice relaxation times, it is 
impossible for the radio-frequency field to 
"warm up" the spin-system and to change sub- 
stantially M_—the component of magnetization 
in the direction of the constant field. An 
example illustrating this fact is provided by 
nickel: in this case, a radio-frequency mag- 
netic field with a certain range and amplitude 
(5 - 10’ c/s and 6-7 oersted, respectively) 
exerts practically no influence on the Gold- 
hammer effect. 


Translated internally. 
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APPROXIMATE ASSESSMENT OF THE SURFACE EFFECT 
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Magnetization of the rail head with a moving local field [1] is accompanied 
by an appreciable surface effect. Quantitative assessment of this effect is 

of considerable importance in defect detection in rails during travel. It 

was considered of interest to carry out an assessment of the surface effect 

in rails during their magnetization with a moving field source. 


There is a fairly large volume of theoretical] literature on the subject of 
the surface effect in ferromagnetic bodies acted upon by an aperiodic field. 
Thus, a theory of penetration of a plane electromagnetic wave into a half- 
space having a constant magnetic permeability has been given by Arkad’ev (3,33 
for the case of a sudden change of the intensity of field, and was later de- 
veloped by Neiman [4]. The surface effect during magnetization of a solid 
cylinder with a longitudinal field, on the assumption of its magnetic perme- 
ability being constant, has been examined: for a sudden change of the field - 
by Vvedenskii [5], with the effect of the field on the cylinder lasting a 
finite time - by Tikhonov [6], for an exponential change of the field - by Taksar 
and Plume [7], in an elliptical cylinder and some other solids - by Chernyi [8] 
and in a rectangular block - by Polivanov [9]. The same effect in a plate has 
been studied by Arkad’ ev [2,3,10], Show Hsin Chow [ 11] and Zatsepin Leal, 


A rail represents a beam with a complex profile, and can be considered as 
consisting of a cylinder and two plates. However, as far as is known, no 
investigations of the surface effect in such bodies during their magnetization 
with a moving field have been carried out. In view of the complexity of the 
task, we will confine ourselves in this work to an approximate assessment of 
the depth of "penetration" of a moving local magnetic field into the rail 


head, using as a basis the experimental data on the magnetic stream in the 
rail head [1]. 


Under the term "depth of penetration" of a field is understood, as is well 
known, the distance over which the field decreases to some arbitrary value. 
Thus, for example, in electrical engineering, this depth is determined from 
the condition that the field decreases by a factor e = 2.7, where e is the 
base of natural logarithms. In certain investigations of magnetization of 
bodies with an aperiodic field, the depth of field penetration is determined 
from the condition of almost complete attenuation of the field. 


* Fiz. metal. metalloved. 6, No. 6, 1006-1010, 1958. 
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In determining the depth of penetration of 
a moving magnetic field into the rail head, 
we will start from the following premises. We 
will assume that the whole magnetic stream in 
the rail head is concentrated at a certain 
depth, whereas the central part of the head 
remains practically unmagnetized. This condi- 
tion corresponds to the state, frequently 
assumed in investigations, in which induction 
in a body is propagated on a steep front when 
the field reaches some critical value 
approaching the coercive force. The distance 
over which induction remains constant clearly 
represents the depth of the magnetized layer. 
This is also taken as the depth of field pe- 
netration, which in the present case is fully 
admissible since it is proposed to apply 
magnetization in fields well in excess of the 
coercive force. 


In addition, let us adopt the following 
simplifications. We will replace the rail 
head by a cylinder with the same cross- 
sectional area. We will consider magnetization 
of the cylinder in the longitudinal field, 
neglecting the transverse component. 


For a magnetic stream in the rail head it 
is possible to write down two relationships: 


@, == 
PD (v) = =(r? — 6?) B, 


where ®, and ® are streams due to the same 
external field, in the absence and in the pre- 
sence of motion, respectively; r the external 
radius of the cylinder; p the radius of the 
part of the cylinder, which remains unmagnet- 
ized and B the induction. 


Denoting by z the depth of field peetra- 
tion, we have 
c=. 
Using the relationships quoted, we obtain 


the following expression for the depth of 
field penetration 


(v) 
z=r — | 


The results of an assessment of the depth 
of field penetration into the head of type 
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1-A rails, obtained with this formula, are 
presented in Fig. 1. In the calculations, re- 
levant data from the investigation [1] were 
employed, and the cylinder radius was taken 
as 3 cm. The curves 1-4 were constructed on 
the basis of experimental data, and the curve 
5 from the data of Tikhonov [6]; the condi- 
tions, to which the latter curve applies, are 
given in the paper [1]. It should be noted 
that all these curves represent the penetra- 
tion of field during a time corresponding to 
the travel of the given rail section from the 
middle of the first pole shoe of the electro- 
magnet to the middle of the distance between 
the poles. 


z (cm) 
30 


25 
20 


15 


10) 

0 20 30 YW 
v(km/hr) 


Fig. 1. Relationship between depth of magnetic- 
field penetration, z, into rail head and velo- 
city of travel, v, for external magnetomotive 
force of: 1-11; 2-15; 3-23 and 4-39 thousand 
ampere-turns; 5-analytical curve for cylinder 
during magnetization in longitudinal aperiodic 
field. 


It can be seen from the curves 1-4 that 
the decrease of the penetration of field into 
the rail head with increasing velocity of 
travel is the greater, the higher the value 
of magnetizing ampere-turns. There is also a 
conspicuous difference between the variation 
with velocity of the experimental curves 1-4 
and the analytical curve 5. This is presum- 
ably due to the fact that in the former cases 
the magnetic permeability is a function of 
field, while in the latter it is assumed to 
be constant. 


Upon entering the interpolar space of the 
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electromagnet, a section of the rail head 
encounters conditions of aperiodic magnetiza- 
tion with a field which, in a first approxima- 
tion, can be regarded as longitudinal and 
generated instantaneously near the surface of 
the part being magnetized. 


For simplification, let us consider that 
the longitudinal field of the magnet is 
entered by an infinite semi-space instead of 
the rail head. Then, the depth of penetration 
of the aperiodic field can be expressed, ac- 
cording to [13], by 


(1) 


where u is a parameter, t time, pp the 
magnetic permeability of the vacuum, p the re- 
lative permeability of the semi-space material, 
and y its electrical conductivity. 


We are interested in the depth of field 
penetration during the time required for the 
displacement of the semi-space section invest- 
igated from the middle of the electromagnet 
pole to the middle of the distance between the 
poles. For a time t, corresponding to that 
displacement, we have: 


t=—, 
2u 
where L is the distance between the centres of 
magnet poles and v the velocity of travel. 
Using this expression, the equation (1) for 
the depth of penetration becomes 


V OL 


(2) 


This equation reflects the well-known 
classical view that, other conditions being 
equal, the depth of field penetration into a 
ferromagnetic medium decreases with increas- 
ing velocity of travel. 


The equation (1) is valid on the assumption 
that the external field is constant. To ex- 
Plain the effect of the magnitude of field on 
the depth of its penetration, we will use an 
equation for the density of currents induced 
in parts, when the source of magnetic field 
and the part being magnetized are in a state 


of relative motion [14]. By confining our- 
selves to the case of motion in the direction 
of the X-axis, i.e. by putting v= and 


verve 0, we can write this equation in a 
simplified form: 


In the case under consideration, Ax =%L. 
The vector potential in the interpolar space 
increases from zero under the leading pole to 
a value A in the middle of the interpolar 
space. Consequently, AA =A, 


Thus, we have: 


>. (3) 
L 
It follows from this expression that, other 
conditions being equal, a given current den- Vol 
sity can be obtained either with a low velo- 2 


city of travel and a relatively high vector 
potential, or with a relatively high velocity 
and a comparatively low potential. Further, a 
change in the current density in a given 
direction can be achieved either by an appro- 
priate change in the vector potential at a 
constant velocity of travel, or by an appro- 
priate change in the velocity of travel at a 
constant vector potential. Consequently, 
changes in the vector potential and in the 
velocity of travel are essentially equivalent 
as regards their effect on the current den- 
sity. Generally speaking, these relationships 
are quite universal. 


It follows therefore that a change in the 
vector potential at any given velocity of 
travel is equivalent to a change in the same 
direction in the velocity of travel at a con- 
stant vector potential. The latter, as is well 
known, is determined by the external field. 
Consequently, in view of this equivalence, a 
reduced external field should result, accord- 
ing to (2), in increased depth of field pene- 
tration and, conversely, this depth should 
decrease with increasing magnetizing field. 
This is in fact shown in Fig. 1. 


A numerical evaluation made by us for 
fields of H, = 150 A/cm and H, = 20 A/cm has 
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confirmed that on changing from the former 
field to the latter, an increase in the depth 
of penetration will occur. 


Thus, the relationship between the depth 
of field penetration and the magnitude of 
field, which appears paradoxical, is actually 
a result following directly from the diffe- 
rential equation for the current density. 
Generally speaking, this is not new. It has 
already been shown analytically by Neiman [15] 
that a weak alternating field penetrates a 
ferromagnetic medium to a greater depth than 
a strong field, when other conditions are 
equal, 


The depth of field penetration into the 
rail head as a function of external magnetiz- 
ing force, when the velocity of the field 
source relative to the rail is 40, 50 and 60 
km/hr, is shown in Fig. 2. It can be seen from 
the diagram that the depth of field penetra- 
tion into the rail head at velocities of 
travel of up to 60 km/hr is still quite con- 
siderable. The area enclosed between the curve 
and the axes of co-ordinates decreases with 
increasing velocity of travel. This indicates 
that, in defect detection in rails under con- 
ditions of motion, the tendency to use 


z(cm) 
20 


IN 
40 


0 0 W 
kwIx 107 (abs. units) 
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Fig. 2. Relationship between depth of field 
penetration, z, into rail head and external 
magnetomotive force kwI for velocities of 
travel of: 1-40; 2-50 and 3-60 km/hr; k-co- 
efficient of geometric similarity, w- number 
of turns of electromagnet and I - intensity of 
current. 


comparatively strong magnetizing fields should 
be avoided. 


This opportunity is taken to express grati- 
tude to Senior Scientific Officer N.N. Zatse- 
pin for critical comments during the investi- 
gation. 


CONCLUSIONS 


An approximate calculation has been made 
of the depth of penetration of magnetic field 
into the head of type 1-A rail during "longi- 
tudinal" magnetization with the field of a 
moving electromagnet of one type as a function 
of velocity of travel, for different magnetiz- 
ing ampere-turns. It was established that 
magnetic-field penetration into the rail head 
is accompanied by a clearly-expressed surface 
effect even at a relatively low velocity of 
travel and with magnetizing fields normally 
used in defect detection,. It was shown that 
the depth of field penétration depends not 
only on the velocity of travel, but also on 
the magnitude of the external field; as the 
magnetizing field decreases, the depth 
slightly increases. A qualitative explanation 
of this characteristic feature has been given 
for the case under consideration. 


One conclusion to be drawn from this in- 
vestigation, which is of considerable import- 
ance in practical defect detection, is that 
in inspection of parts under conditions of 
travel the use of relatively strong magnetic 
fields should be avoided. 


Translated internally. 
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Ternary iron-nickel-cobalt alloys represent analloy system of principal 
ferromagnetic elements. The study of the magnetic properties of this alloy 
system is of great interest both from the point of view of extending data 
on the nature of engineering processes of magnetizing and because these 
alloys are of great practical importance. 


In the present article the results of investigations are given on the 
magneto-striction and magnetization of the iron-nickel-cobalt alloy system 
in such sections of their constitution diagram in which these properties 
have not so far been investigated and which comprise compositions important 


for practical application. 


PROCEDURE OF MEASUREMENTS 


Magneto-striction was measured by an appa- 
ratus with an optical mechanical system, The 
application of a double lever is a character- 
istic feature distinguishing this apparatus 
from known set-ups of a similar type. The, 
author developed this apparatus in the Insti- 
tute for Precision Alloys of the Central Sci.- 
Research Institute of Ferrous Metallurgy. 


Fig. 1. Layout of Magneto-striction measuring 
instrument. 


The layout of the magneto-striction appa- 
ratus is given in Fig. 1. The principle of 
its operation is as follows: changes in length 
of the specimen 1 during its magnetization are 


* Fiz. metal. rmetallov. 6, No. 6, 1011-1016, 
1958. 


transferred to the driving lever I of length 
b, one end of which is fixed and at a distance 
a from this end, at the point A, the specimen 
1 and the lever J are mechanically connected. 
The other end of the driving lever is rigidly 
joined to the driven lever II of length d, at 
the point C, at a distance c from the fixed 
end of this lever while the other free end 
turns the axle 2 with a small mirror 4 
attached to it. A ray of light from the source 
3 reflected from the mirror produces a light 
track on the scale 5. 


By simple calculations the following ex- 
pression can be derived for the magnification 
of the device 

2iR 
where i is the gear ratio of the system of 
levers equal to b/a- d/c; D is the diameter 
of the axle to which the small mirror is 
fixed; R is the distance between the scale and 
the mirror. 


In the described apparatus the ratio gear 
of the system of levers i = 5 x 5, the dia- 
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electrolytic nickel and electrolytic refined 
cobalt were used as charging materials. The 
fusing was carried out in a high frequency 
induction furnace with a magnesite crucible of 
1 kg holding capacity under the flux. The 


meter of the axle D= 0.5 mm, and the distance 
between the scale and the mirror R = 1000 mn, 
With these data the magnification K of the 
magneto-striction apparatus was 100,000. 
Nickel was used for the scale calibration, 


i mm of the light-spot dislocation on the casting was carried out in cast iron chill 
scale corresponding to 1.01 x 1076 cm change moulds. Dimensions of the billets obtained 


in length of the specimen. were 120 x 60 x 10 mn. 


Specimens for the measurements were pre- 
magnetic circuit, in a solenoid. The magneti- pared by rolling the billets into sheets 2 mm 
zation, up to an including the state of satu- thick on a duo mill. From these sheets strips 


ration, was measured using a ballistic galvano- 100 mm long and 3 mm wide were cut on a 
milling machine. 


The specimens were magnetized in an open 


meter. 


The specimens were subjected to preliminary 
refining, annealing in hydrogen for 6 hr ata 
Two series of iron-nickel-cobalt ingots temperature of 1100°C and subsequent cooling 
were fused: one based on iron-nickel and the together with the furnace. A final thermal 
other on iron-cobalt. A technically pure iron, treatment was performed in a silit furnace 
TABLE 1. 
Composition of Saturated Saturation magneto-striction 


S Magneti- 
alloys by weight.% g | 


Ni (gauss) tudinal verse | R=(ht— 
i e Ay X106 | A, x 106 10¢ 


PREPARATIONS OF SPECIMENS 


Lattice 
Structure 


Smelts 


1575 i — 3.5 
1760 
1760 : —16.3 
1780 —15.3 
1790 —13.4 
1730 —14.3 
1860 ---23.5 
1760 —23.3 
1720 : —38.0 
1740 
1740 —28 .2 
1680 —27.0 
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(vacuum 107? mm Hg) by the following procedure: 


heating up to 1100°C, soaking for 3 hr, after 
which step-by-step cooling down to 200°C with 
soaking for 3 hr every 50° and then cooling 

together with the furnace to room temperature. 


Chemical compositions of the above alloys 
are given in Table 1. 


SATURATION MAGNETO-STRICTION OF 
IRON-NICKEL-COBALT TERNARY ALLOYS 


Magnitudes of longitudinal and transverse 
saturation magneto-strictions, and 
were determined from measured curves of longi- 
tudinal A, ,(H) and transverse \\(H) magneto- 
strictions by extrapolating the linear parts 
of corresponding curves in the region of the 
Pparaprocess on the y-axis (see Figs. 3ak, 4a, 
and 5a). 


The dependence of longitudinal and trans- 
verse values of magneto-striction on the 
chemical composition is graphically shown in 
Fig. 2. Chemical composition is represented 
by the appropriate position of a point on the 
plane of the phase triangle while the value 
and sign of the saturation magneto-striction 
by the length and direction of vertical seg- 
ments. The longitudinal magneto-striction, 
which is positive for all the alloys under 
consideration is plotted upwards from the 
point and the transverse one, which has a 
negative sign, downwards. Figures refer to 
index numbers assigned to the alloys. Values 
of saturation magneto-strictions of binary 
iron-nickel and iron-cobalt. alloys, as mea- 
sured by Masiyama [1] and Schultze [2], are 
also plotted along the sides of the phase 
triangle. 


In the table numerical values of saturated 
magnetization f, of longitudinal and trans- 
verse saturation magneto-strictions of the 
alloys investigated are given. In addition to 
measured quantities of longitudinal and trans- 
verse saturation magneto-strictions, Ayy and 
A , we have introduced a quantity A, the value 
of which may serve as an indicator of the pre- 


sence or absence of both the magnetic texture 


Fig. 2. Relation of longitudinal and trans- 
verse values of saturation magneto-striction 
co the chemical composition of the alloys in- 
vestigated. 


along the direction of measurement and the 
volume magneto-striction created by the para- 
process. The quantity ry is defined by the 
following expression: 

2 


The values of A are given in the table as 
well as algebraic values of the difference of 
measured longitudinal magneto-striction Avy 
and calculated quantity Ai 


R=h, —h,. (3) 


The equality R = 0 indicates the absence of 
magnetic texture and volume magneto-striction 
in a specimen. The positive sign of R(R> 0) 
indicates the presence of volume magneto- 
striction in magnetizing a specimen while the 
negative sign of R(R < 0) shows the presence 
of magnetic texture in the direction of mea- 
surement, 


It can be seen from the table that the 
quantities R = - are comparatively 
small in the iron-nickel base alloys of the 
a-phase region containing up to 30% of cobalt 
(specimens 1-6). This shows that the volume 
magneto-striction in these alloys is small 
and consequently the second power dependence 
is approximately obeyed by these alloys. 


For the alloys of the same region with con- 
centration of cobalt higher than 30% (speci- 
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mens 7-12), the values of R are positive and 
more than twice higher than for the 1-6 alloys 
and indicate the presence of appreciable 
volume magneto-striction when magnetized. In 
the alloys of the intermediate (a + y)-region 
the change in volume of magnetized specimens 
15 and 20 is especially great and there is an 
appreciable change in volume in magnetizing 
specimens 26 and 27 of y-phase of Permalloy 
type. At the same time there are alloys with 
a negative sign of the difference R, which 
indicates the presence of magnetic texture. 
Such are the specimen 9 of the a-phase region 
and specimens 24, 25 and 28 of the y-phase 
region, 


MAGNETO-STRICTION CURVES OF 
IRON-NICKEL-COBALT ALLOYS 


By using the curves A), (A) and A (H) two 


additional curves were plotted for every alloy: 


magnetization as a function of magneto-stric- 
tion I(A) and magneto-striction as a function 
of the square of magnetization A(T?) Typical 
paths of these curves for alloys of the con- 

sidered compositions are given in Figs. 3, 4 

and 5. 
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Fig. 3a. Relation of longitudinal and trans- 
verse magneto-striction to the external 
magnetic intensity A,, (A) and A (H). Magneto- 
striction as a function of the square of mag- 
netization. 
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FIG. 36. Magnetizations I(H) and I(A) as 
functions of the magneto-striction. 


The presence of magnetic texture in the 
initial magnetic state of a specimen can be 
detected by curves I(A). For example, the 
curve I(A) in Fig. 4b for alloy 28 shows that 
in magnetizing it up to over 500 gauss its 
magneto-striction is zero, which may be ex- 
plained by the presence of magnetic texture. 


It can be seen from Figs. 4b and 56 that 
in general the paths of the curves I(A) are 
not alike. One type of curve I(A) (Fig. 46) is 
specified by an increase of the magnetization 
up to a definite value above which it is in- 
dependent of the magneto-striction. This type 
of curve is obtained for such alloys investi- 
gated whose specimens when magnetized reveal 
changes in volume. 


A special feature of the second type of 
curves (Fig. 5b) is the rise of magneto-stric- 
tion with the magnetization of the specimen 
up to a definite value above which it is inde- 
pendent of the magnetization. This type of 
curve is found in investigated alloys of the 
a-phase in which the change of volume in mag- 
netizing is small and the second lower: de- 
pendence effects hold. 


So far as we know there are no indications 
in references for the existence of two types 
of curves I(A) and their characteristics and 
no explanations of their behaviour. 
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FIG. 4. Types of curves I(A) for the alloys: 
a. Ni-54%, Fe-41%, Co-4.55%; 6. Ni-54.05%; 
Fe-41.00%, Co-4.55%. 


The curves ACI?) render it possible to de- 
termine values of magneto-striction constants 
+00 in the direction [100] for single crys- 
tals using the following formula: 

I 
A= 4 
5 100( ) (4) 
where I is the magnetization in the region of 


displacement and I, is the saturated magneti- 
zation. 
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FIG. 5. The same as in Fig. 
a. Ni-1.2%, Fe-73.2%, Co-25.6%; 
Fe-73. 2%, Co-25. 6%. 


Formula (4) has been determined by Akulov 
and Kondorskiy [3] for polycrystalline ferro- 
magnetic alloys, with body-centred cubic 
lattice under the condition that the second 
lower dependence effects hold. Applying form- 
ula (4) for the alloy composed of 1.2% nickel, 
25.6% cobalt and iron as the remainder (speci- 
mens 3) we find the magneto-strictive con- 
stant +00 53.5 x 107°: while the longitudinal 
magneto-striction of this polycrystal alloy in 
its saturated state is \,, = 32.2 x 107°. The 
comparison of these values makes it reasonable 
to search for the possibility of creating such 
a crystallographic texture of this alloy with 
the [100] -orientation of the axis, for which 
the magneto-striction could be raised 1.5 
times. 
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Such a method of producing the crystallo- 
graphic texture for raising magneto-striction 
of nickel was developed by Bryukhatov [4]. 
Nesbitt [5] raised 1.5 times the saturation 
magneto-striction of an iron-cobalt alloy with 
30% iron by the texture method. 


CONCLUSIONS 


1. Longitudinal and transverse magneto- 
strictions and magnetization of the iron- 
nickel-cobalt alloy system measured in the 
sections of their constitution diagram in 
which these quantities have not been investi- 
gated. 


2. A highly sensitive apparatus based on 
the optical-mechanical principle deveioped 
and produced for measuring the magneto-stric- 
tion. 


3. Two types of curves I(A) established by 
the paths of which one can judge if the 
second lower dependence rule holds for the 
magneto-striction. 


4. According to the polycrystalline speci- 
men of an iron-nickel-cobalt alloy the mag- 
neto-striction constant for its single crystal 


and the orientation of the face of its cube 
determined. The results indicate the expe- 
diency of creating in this alloy a crystallo- 
graphic face-cubic texture for raising its 
magneto-striction. 


The author expresses his deep gratitude to 
prof. Ye.I. Kondorskiy for valuable advice 
and interest shown in this work. 


Translated by B. Cynk, 
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5g in nichromes attracted the attention of many investigators and in recent 
1958 years has been the subject of several scientific works [1-6]. 


The anomalous variations of the electric 
resistance in alloys containing elements of 
the transition group have not yet been ex- 
Plained. There are two points of view from 
which there are hypothetical explanations of 
this phenomenon. Both points of view are 
based on experimental data obtained in 
several works. From one point of view this 
phenomenon is explained by the special state 
of the solid solution - the K-state, which is 
characteristic only for alloys containing 
transition group elements with an unfilled 
d-shell [1,2,5,6], and according to the other 
point of view the phenomenon in question is 
connected with the occurrence of the ordering 


process [3,4]. 


In the present work the investigation was 
carried out on the anomalous variations of 
the electric resistance of nichrome alloys 
and the connexion between these variations and 
the variations in other physical properties. 
With this object together with the observa- 
tion of the variations of the electric resist- 
ance experiments were carried out on the 
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ON THE QUESTION OF THE ANOMALY IN THE ELECTRICAL 
RESISTANCE OF THE ALLOY NI,CR* 


SEMENOVA 


(Received 10 December 1956) 


Until recently it was not known that the alloys of the system Ni-Cr with 
high ohmic resistance, which are used in electrothermics and resistance 
elements, were subjected to some structural variations, which cause notice- 
able changes in their electric resistance. It was generally considered in 
their production that the electric resistance of each given melt was a 
property determined by its chemical composition and practically constant at 
various stages of the production process. Recently it was established that 
there was a decrease in the electric resistance of these alloys under the 
influence of cold deformation and an increase in it after annealing to 
medium temperatures of 400-500° C. The question of the structural variations 


volumetric effects, microstructure, lattice 
spacing, thermo-electromotive force and the 
hardness of nichrome alloys in various therm- 
ally treated states. The chemical composition 
of the alloys taken for the experiment are 
given in Table 1. 


Apart from the binary alloy Ni,Cr alloys 
were also taken in which part of the chromium 
or nickel was replaced by the elements: 
molybdenum, vanadium, tantalum, cobalt, copper, 
By replacing part of the chromium or nickel in 
the alloy Ni,Cr by these elements the object 
was pursued of indicating the effect on the 
process of structural variations which were 
mentioned above. 


Particularly interesting was the effect of 
vanadium, molybdenum, tantalum, which as a 
result of the structural peculiarities of 
their electronic structure, increase the in- 
teratomic bond forces in the alloys on a 
nickel base. The latter is confirmed by data 
obtained from the investigation of heat-re- 
sisting alloys. 


In alloys of the composition Ni, Mo, Ni,V, 
Ni,Ta they form with nickel superstructures 
which are stable up to high temperatures. - 
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TABLE 1. 
The chemical composition of nichrome alloys (%) 


Fusion i S Pp 


"T) 


Ti | Mo} Vj Taj Cu 


0.007 
0.012 
0.007 
0.007 
0.004 


1401 
1100 
1397 
1398 
1399 
1551 
1448 
1396 | 
1101 
1109 
1107 
95236 


Nw 


on 


0.004 
0.007 
0.011 
0.014/0. 
0.013 
0.009 


— 
Won SOR 


0.26/72.3 


0.93/76.5 


tone 


to 
om 


CO 


titi 


lol | 
on 


The alloys were melted in a 5 kg high- 
frequency furnace in a basic crucible. For 
the melting metallic molybdenum, cobalt, 
chromium, nickel (electrolytic), tantalum, 
free from impurities were taken. Vanadium was 
introduced in the form of a chromo-vanadium 
alloy with a vanadium content up to 45 per 
cent. Rods 8 mm in diameter were obtained by 
forging from the ingots and they were then 
drawn into wire of various dimensions. 


THE METHOD OF THE INVESTIGATION 


The investigation was carried out according 
to the following plan: at the beginning the 
temperature dependence of the electric 
resistance of all the alloys taken in a cold- 
deformed state was observed. The total re- 
duction of the wire was 85 per cent. Thus in 
the initial state the structure on which the 
additional electric resistance depended was 
completely destroyed, and the process of its 
formation could take place more intensely as 
a result of the greater mobility of the atoms 
after cold deformation. 


The measurement of the temperature depend- 
ence of the electric resistance was carried 
out on specimens, prepared from wire 0.8 mm 
in diameter, wound in the form of a spiral 
8-10 mm in diameter. The error of measuring 
high temperatures was + 1.5 per cent and low 
temperatures about + 2 per cent; the error of 
measuring the electric resistance was + 0.1 
per cent. According to the nature of the 
temperature dependence of the electric 


resistance alloys were chosen in which there 
were observed further (1) the variation of 
the electric resistance in the soaking process 
in the temperature region 500°; (2) the effect 
of a two-week thermal treatmert at these 
temperatures on the electric resistance of 
the alloys, the hardness, the microstructure 
and the volumetric expansion. 


The variations in the electric resistance 
with prolonged soaking were observed during 
the soaking process and after the soaking and 
cooling in the air. 


Soaking was carried out at the temperature: 
400, 450, 475, 500, 520 and 540° C. For this 
experiment the wire specimens were coiled in 
in a spiral to which potential and current 
terminals were welded. The spiral was puf in 
a quartz tube which was filled with argon when 
the specimens were heated. The temperature 
along the length of the specimen was uniform 
within the limits of + 0.5° C. The temperature 
was measured on the potentiometer PN-3 with a 
platinum-platinorhodium thermocouple, the hot 
junction of which was put in the quartz tube 
together with the specimen. The measurement 
error was * 1.5° C, and with comparative 
measurements the error was reduced to 0.3°. 
The electric resistance was measured with an 
error of up to 0.06 per cent. 

Wire specimens 300 mm in length were used 
to explain the variations in the electric 
resistance after soaking in the indicated 
temperature range and after cooling to room 
temperature. 
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The Vickers hardness was determined under 
a load of 5 kg on the specimens in a tempered 
state deformed after prolonged annealing at 
the temperatures 540-350°. 


The dilatometric investigation was carried 
out on the differential dilatometer of Cheve- 
nard with photographic recording. The dilato- 
metric, microstructural and X-ray structural 
analyses were carried out on specimens of 
three alloys-a binary nichrome and two others 
alloyed with vanadium and molybdenum, taken 
as with the determination of the hardness in 
the tempered state, deformed after prolonged 
thermal treatment in the temperature range 
from 540 to 350° C. The microstructures were 
examined using large photo-optical magnifica - 
tions and an immersion objective. 


Microsections were prepared in the usual 
way and etched in the reagent (HCl - 50 cn’, 
H,S0, - 25 cm’, CuSo, - 10 grains, H,0- 50 cm’), 
diluted with alcohol 1:1, and apart from this 
electrolytic polishing and electrolytic etch- 
ing in a 10 per cent solution of oxalic acid. 
The specimens for the X-ray investigation were 
taken in the same states as for the hardness. 
For the phase analyses the specimens were 
photographed in Debye chambers using Cr-radi- 
ation; for the precision measurement of the 
parameters - using manganese radiation in a 
focusing camera of the type RKE, 


THE VARIATIONS IN THE ELECTRIC 
RESISTANCE 


The temperature curve of the electric 
resistance of the investigated alloys had the 
same form as that of the binary alloy Ni,Cr, 
if the content of some third alloying element 
did not exceed 4-5 per cent. The difference 
in the electric resistance at room tempera- 
ture between the cold-deformed and annealed 
state in this case was 13-15 per cent. The 
curves of the temperature dependence with 
annealing and quenching coincided or almost 
coincided above the temperature 540-550° and 
diverged considerably at much lower tempera- 
tures. With annealing the maximum increase in 
the electric resistance was observed in the 
region 540-550° - with quenching a little lower 
in the region of 500° C. In the case when a 


considerable part of the chromium in the alloy 
Ni,Cr was replaced by molybdenum or vanadium, 
the nature of the temperature dependence 
changed noticeably (Fig. 1, smelts 1551 and 
1397). At a temperature above 400° the slope 


Smelt 


FIG. 1. The temperature dependence of the 
electric resistance of cold-deformed 
nichrome alloys. 


of the curves becomes steeper, and the diffe- 
rence in the electric resistance between the 
deformed and annealed state has grown to 
21.0 - 21.5 per cent. Accordingly, the increase 
in the specific electric resistance after 
annealing was greater in these alloys than in 
the binary alloy. The temperature of the 
maximum electric resistance increase with 
annealing was the same as that of the binary 
alloy; with quenching, however, the maximum 
was displaced to the side of the lower tempe- 
rature and became even more sloping. 


The results of observing the variation in 
the electric resistance in the soaking pro- 
cess at temperatures from 400 to 540° showed 
that an increase in the electric resistance 
at 400° in all the alloys investigated does 
not finish during the experiment. This varia- 
tion in the binary and the other alloys took 
place most intensely in the course of the 
first 3-5 hours of the soaking. Subsequently 
the variations took place very slowly. Some 
stability of the state during the experiment 
was observed at 475° in binary and ternary 
alloys if the content of the third element 
was not more than 3-5 per cent. The increase 
in the electric resistance at the given 
temperature was the greatest. With an increase 
in the temperature to 540° the rate of the 
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process increased, the greatest changes in 
the electric resistance took place during a 
period of less than an hour, and with further 
soaking (after 3-5 hr) a stable state had al- 
ready been established. The relative growth 
of the electric resistance during the experi- 
ment at 520-540° was less than at 475° C 
(Figs. 2 and 3). 
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FIG. 2. Change in the electric resistance of 
cold-deformed wire of nichrome alloys after 
annealing in the temperature range 540-400°. 


The variations were most marked in the 
alloys with a greater vanadium and molybdenum 
content. At 400°, as in the other alloys, the 
variation in the electric resistance did not 
finish during the experiment. At 450 and 475° 
the variation increased for the whole duration 
of the experiment. At 500° the variation rate 


of the electric resistance in the nichrome 
with molybdenum increased, and the maximum 
changes took place during a soaking time of 
less than 10 hr, after which the process was 
stabilized. The total growth of the electric 
resistance at 500° during the experiment was 
already less than at other lower temperatures. 
At the temperatures 520 and 540° a stable 
state was observed after soaking for 3-4 hr. 
The variations of the electric resistance 
took place in the same way in the nichrome 
alloy with vanadium, the difference being 
that at the temperatures 500, 520 and 540° 
the stability process was not reached. A very 
small gradual increase in the electric resist- 
ance took place during soaking at these 
temperatures (Fig. 3). 
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FIG. 3. Change in the electric resistance of 
deformed wire of nichrome alloys in the soak- 
ing process when annealed in the temperature 
range 540-400°. 


The data from measuring the electric re- 
sistance of specimens in the soaking process 
at different temperatures in the cold state, 
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after the same soaking at these temperatures 
and cooling in the air, confirm the identical 
nature of the structural changes in all alloys. 
For comparison observation was made of the 
variation of the electric resistance of the 
alloy Ni,Fe with 3% chromium, The greatest 
increase in the electric resistance in this 
alloy occurred at the temperatures 400-450°. 
At 475° the stable state had already been 
reached after 5 hr soaking, and in the follow- 
ing 25 hr no changes were observed. With an 
increase in the temperature to 500, 520, 540° 
there was a decrease in the electric resist- 
ance, and prolonged anneal did not produce 
any changes. 


Measurements of the electrical resistance 
of specimens after cooling in the range 540- 
350° under a prolonged stepped regime showed 
that it increased by 6-8 per cent in tempered 
specimens and by 18-23 per cent in cold-de- 
formed specimens. 


The hardness measured on specimens subject- 
ed to the same thermal treatment decreased in 
comparison with the initial hardness, after 
soaking at 540° it increased (after soaking 
for a little over 72 hr) at 500°. With further 
cooling and soaking at 480° the hardness de- 
creased a little and subsequently remained 
without change. 


The nature of the change in the hardness 
and the electric resistance was similar in 
binary and ternary nichromes, irrespective of 
their initial state whether tempered or cold- 


deformed. 


The variation of the hardness and the 
electrical resistance in the nichrome with 
molybdenum is shown in Fig. 4. The magnitude 
of the variation in these properties as the 
temperature and soaking vary is given as a 
ratio to the initial value. 


THE VARIATIONS IN THE THERMO- 
ELECTROMOTIVE FORCE 


The structural processes were studied in a 
series of works by the observation of the 
variations in the thermo-electromotive force 
[7]. In the present work the variation in the 
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FIG, 4. Change in the electric resistance R, 
hardness H of the alloy Ni, (CrMo) (smelt 1397) 
after annealing in the temperature range 540- 
350° C. Initial state: ---- annealing 1050°, 
30 min cooling in water; ---- after cold 
deformation of 60-80%. 


thermo-electromotive force was observed for 

a couple from cold-deformed nichrome wire 
alloyed with vanadium (smelt 1396), and from 
the same wire subjected to prolonged anneal 

in the temperature range 400-600°. The thermo- 
electromotive force of the electrode which has 
a higher potential in the cold junction, was 
taken as the positive. The variation of the 
thermo-electromotive force of this couple with. 
the annealing temperature is shown in Fig. 5. 
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FIG. 5. The thermo-electromotive force of the 
alloy NiCr with 1.8% vanadium (smelt 1396), 
annealed after cold deformation in the tempe- 
rature range 600-400° in a cold-deformed couple. 


The experiment showed that after prolonged 
annealing of this alloy in the temperature 
range 400-600° its thermo-electromotive force 
as well as the electrical resistance increased. 
The maximum increase reached 12 per cent and 
it was obtained after the annealing of the 
cold-deformed specimen at 475-500°. To judge 
the part played by the cold-deformed state of 
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the alloy in this effect of the increase in 
the thermo-electromotive force, the thermo- 
electromotive force of the tempered wire ina 
couple with the cold-deformed wire of the 
same alloy was measured. The measured value 
was 0.113 mV/°C, i.e. this influence was in- 
significant. 


THE DILATOMETRIC ANALYSIS 


Differential dilatometric curves of the 
examined alloys are shown in Figs. 6, 7 and 8. 
The nature of the volumetric changes are the 
same for all the alloys. When the deformed 
specimens were heated to 180-200° expansion 
securred and then with further heating to 
575° (see Fig. 6) -contraction. The observed 
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FIG. 6. Differential dilatometric curves of 
the binary alloy Ni,Cr and the ternary alloys 
taken in a cold-deformed state. 


volumetric contraction was, obviously, the 
result of two simultaneously occurring 
processes - recovery and the nascent structural 
process which leads to the anomaly in the 
electric resistance, The volumetric varia- 
tions as a result of the removal of the dis- 
tortions of the crystal lattice, in all 
probability, are very small, and, consequent- 
ly, this contraction is mainly the result of 
the structural process which takes place 
intensely in the deformed state. Contraction 
is sharply defined on the dilatometric curves 
of the tempered specimens only in the higher 
temperature range - 500-550° (Fig.7). This can 
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FIG. 7. Differential dilatometric curves of 
the binary alloy Ni,Cr and the ternary alloys 
taken in a tempered state (anneal 1050°, 

30 min, cooling in water). 


be explained by the fact that the structural 
process in this temperature range (as the 
variation in the electric resistance in the 
prolonged soaking process showed) took place 
at the maximum rate, For this reason within 
the limits of the time for taking the dilato- 
metric curve the volumetric contraction of 
the tempered specimen was clearly recorded 
namely at these temperatures. The effect of 
the volumetric variation changed the sign if 
the deformed and tempered specimens of the 
alloys were previously subjected to prolonged 
thermal treatment with stepped cooling. In- 
stead of contraction, as in the case of 
tempered and deformed specimens, an expansion 
of the volume is observed above 500° (Fis. 8). 
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FIG. 8. Differential dilatometric curves of 
the binary alloy Ni.Cr and the ternary alloys, 
taken in the state: anneal 1050°, 30 min, 
cooling in water + stepped annealing for 14 
days in the temperature range 540-350°. 


Electrical resistance of the alloy Ni3Cr 


When the data were examined it was noticed 
that the volumetric contraction and the most 
intense increase in the electric resistance 
of tempered and cold-deformed specimens occur 
in the same temperature region. On the other 
hand, in specimens thermally treated under a 
prolonged regime the temperature range of the 
volumetric expansion coincided with the range 
in which a sharp fall in the electric resist- 
ance took place (Fig. 9). Consequently, the 
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FIG. 9. The temperature dependence of the 
electric resistance of nichrome alloys. 
state: ---- 1050° -30 min, quenching in water 
---- 1050° - 30 min, quenching in water + 
stepped annealing in the range 540-350° for 
14 days. 


conclusion may be drawn that the formation of 
the new structural state in nichrome alloys 

is accompanied by contraction, since the latter 
is only observed in cold-deformed and temper- 
ed specimens, i.e. when this structure is 
destroyed in the initial state. The volumetric 
expansion is apparently explained by the 
destruction of this structural state, since 

it is only observed in the case where the 
specimens were previously subjected to pro- 
longed annealing in the temperature range 
400-540° C. In nichromes alloyed with molyb- 
denum, tantalum and vanadium the volumetric 
changes are apparently greater than in the 


Initial. 


binary alloy as they are more sharply defined. 
The greatest volumetric changes were noticed 
in the nichrome containing 7.95% vanadium. 
The temperature ranges of the volumetric 
changes in binary and ternary alloys almost 
coincide, 


THE X-RAY STRUCTURAL ANALYSIS 


The data of the X-ray structural analysis 
are given in Tables 2 and 3. The phase 
analysis of the powders of the alloys was 
made (a) in the tempered state, (b) after 
heating to 950° and slow cooling in the fur- 
nace, (c) after tempering and prolonged 
thermal treatment for two weeks. The results 
were the same in all cases. According to the 
Phase composition the ternary alloys, as in 
the case of the binary alloy, were homo- 
geneous solid solutions with a face-centred 
cubic lattice (Table 2). 


The lattice spacing of tempered specimens 
was measured.The tempered specimens were also 
subjected to prolonged stepped thermal treat- 
ment, The lattice spacing of alloyed 
nichromes after prolonged thermal treatment 
was less compared with the spacing of 
tempered specimens. The difference amounted 
to 0.004, kX for specimens of nichrome with 
molybdenum and 0.002, kX for the alloy with 
vanadium. According to the data of Taylor and 
Hinton in a binary alloy the decrease in the 
lattice parameter of a slowly cooled alloy 
compared with a tempered alloy is very small 
and is not indisputable. 


The data obtained for nichromes, contain- 
ing molybdenum and vanadium agree with the 
results of the dilatometric analysis. 


THE MICROANALYSIS 


No changes in the microstructure of the 
investigated alloys were discovered after 
prolonged thermal treatment at 540-350° C, 
After weak electrolytic etching in a 10 per 
cent solution of oxalic acid the usual 
austenite structure - grain boundaries of the 
y-solid solution and twin crystals - was ob- 
served, After deeper etching both electro- 
lytic and acidic some non-uniformity of the 
austenite grain surface in the form of a 
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TABLE 2. 


The X-ray structural analysis of the investigated nichrome alloys 


Chemical composition % 


Ni cr V Mo 


Thermal treatment of 


the powder 


Results of 


the phase 


analysis 


850° - 30 min quenching 
in oil. 

950° - 30 min cooling in 
the furnace 


face-centred 
cubic 


1551 


76.5 | 14.8) 8 


850° - 30 min quenching 
in oil. 

950° - 30 min cooling in 
the furnace. 

1000° - 30 min cooling in 
quartz ampoule + prolonged 
annealing at 540-350°. 


1397 


75.3 | 14 - | 9.6 


850° - 30 min quenching 
in oil, 

950° - 30 min cooling in 
the furnace. 

1000° - 30 min cooling in 
quartz ampoule + prolonged 
annealing at 540-350°. 


TABLE 3. 


Chemical composition % 


Ni Cr V Mo 


Thermal treatment in 


vacuum 


Lattice 
parameter 
in kX units 


850° - 30 min quenching 

in oil. 

1000° - 30 min cooling 

in quartz tube + annealing 
for two weeks. 


3.552, 


3.550, 


650° - 30 min quenching 
in oil. 


1000° - 30 min cooling 
in quartz tube + prolonged 
annealing for two weeks. 
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striated structure could be observed. This 
microstructure was found in specimens in a 
quenched state and in specimens after pro- 
longed thermal treatment with stepped cooling, 
and it appeared apparently as a result of the 
deep etching of the investigated alloys. 


DISCUSSION OF THE RESULTS 


The binary alloy Ni,Cr and the ternary 
alloys in which part of the chromium or nickel 
has been replaced by elements which have a 
different number of electrons in the d-shell, 
were investigated in the present work. Accord- 
ing to the data of the X-ray and microscopical 
analyses all the investigated alloys were 
solid solutions. The anomaly of the electric 
resistance observed in the binary alloy after 
thermal treatment at 500°, was more sharply 
defined in the case where part of the 
chromium was replaced by molybdenum or 
vanadium amounting to 8-9 per cent. 


The dilatometric analysis established that 
the volumetric changes which take place in 
these alloys are different for different 
states. Volumetric contraction accompanied the 
formation of a new structural state, and volu- 
metric expansion - its destruction. The first 
condition was confirmed by the data from 
measuring the lattice spacing of the ternary 
alloys. No "anomalous" volumetric changes 
were observed in the work in question. 


The data of the dilatometric analysis were 
supplemented by the data from observing the 
variations in the electric resistance. A sharp 
increase in the electric resistance occurred 
in the same temperature range in which volu- 
metric contraction was observed. In the 
temperature region where volumetric expansions 
were observed there also occurred a very sharp 
decrease in the electric resistance. Volu- 
metric effects were noted only at temperatures 
above 475°, when the rate of the nascent 
structural process was greatest. This was con- 
firmed by the changes in the electric resist- 
ance under prolonged soakings in the tempera- 
ture range 400-600° C. Thus volumetric 
changes in the investigated alloys took place 
in the same way as they take place with order- 
ing and disordering in the well-known ordered 


alloys, for example Ni,Fe. The increase in 
the electric resistance in the temperature 
range of 500° in the alloy NiCr is consider- 
ed a fact which contradicts the fact that 
structural changes which take place at this 
temperature are an ordering process. 


Experimental facts obtained recently 
showed that if 1% vanadium is introduced into 
the alloy FeCo, the initial stages of the 
ordering process of this alloy are character- 
ized by an increase in the electric resist- 
ance. Only with soaknng at a given temperature 
and an increase in the degree of order, does 
the electric resistance decrease gradually 
[8]. It was also established in the present 
work that if 3% chromium is introduced into 
the alloy Ni,Fe, this does not destroy the 
formation of long-range order in this alloy, 
after the appropriate thermal treatment [9]. 
As the data obtained in this work showed the 
electric resistance of this alloy does not 
decrease, but it increases with the establish- 
ment of the atomic order. 


It is possible to believe that the greater 
or lesser stability of this stage of the 
ordering process, which is characterized by 
an increase in the electric resistance depends 
on the forces of the interatomic bonds of the 
atoms taking part in this process. 


If one is to judge the increase in the 
forces of the interatomic bonds in the first 
approximation according to the temperature of 
recrystallization, then according to the data 
[10] the temperature of the recrystallization 
of nickel increases noticeably when 5% 
chromium is alloyed with it. The effect of 
molybdenum on the recrystallization tempera- 
ture of nickel is even more considerable 
according to the same data. Alloying. nickel 
with 2.8% molybdenum increases the recrystall- 
ization temperature of the alloy to the same 
degree as alloying it with 20% chromium. Thus 
the, process of establishing the atomic order 
at 475° must in some measure be connected 
with the forces of the interatomic bonds, i.e. 
obviously with a change in the distribution 
of the electrons between the atoms of the 
alloy. 


The data obtained from measuring the 
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thermo-electromotive force of the alloy Ni,Cr 
with vanadium, subjected to prolonged anneal- 
ing at temperatures 400-600°, confirm the 
presence of these changes. An analogous de- 
pendence of the variation in the thermo- 
electromotive force on the annealing tempera- 
ture was also observed in the binary alloy 
Ni.Cr. If one is to agree with the point of 
view that the formation in the alloy Ni,Cr 

of a short-range atomic order instead of a 
long-range order is more probable, then, 
obviously, it is possible that a change in the 
distribution of the electrons can lead to an 
increase in the electric resistance. As the 
replacement of part of the chromium atoms in 
the alloy Ni,Cr by atoms of molybdenum or 
vanadium increases the forces of the inter- 
atomic bonds, then the process of establishing 
the atomic order takes place in these alloys 
with greater changes in the distributions of 
the electrons, which, apparently, gives rise 
to a correspondingly greater increase in the 
electric resistance. 


CONCLUSIONS 


1. The structural process arising in the 
binary alloy Ni,Cr at the temperatures 400- 
500° was also observed at the same tempera- 
tures in the ternary alloys Ni, (CrMo) and 
Ni, (Cr) and is accompanied together with an 
increase in the electric resistance by volu- 
metric changes and an increase in the thermo- 
electromotive force. 


2. The formation of a new structural state 
of the alloys previously tempered or deformed 
was accompanied by the volumetric effect of 
contraction, and its destruction (in specimens 
previously subjected to prolonged anneal) by 
the volumetric effect of expansion, 


3. The volumetric effects are more sharply 
defined in nichromes alloyed with molybdenum 
and vanadium, consequently there was dis- 
covered in them a difference in the lattice 
spacing of alloys in different thermally 
treated states. 


4. The microstructure at optical magnifica- 
tions of 1500-1800 did not establish varia- 
tions in the solid solution of the investigat- 


ed alloys after the formation in them of a 
new structural state. 


5. On the basis of experimental data on the 
changes in volume, electric resistance, thermo- 
electromotive force, it is possible to suppose 
that the structural process which arises at 
the temperatures 400-500° in the binary alloy 
Ni,Cr and the ternary alloys Ni, (CrMo) and 
Ni,(CrV), is one of atomic ordering the 
peculiarities of which have still not been 
completely studied for alloys containing 


elements of the transition groups. 
Translated by J. Murray 
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ON THE CHANGES IN THE STABILITY REGION OF WUSTITE IN THE 
PHASE DIAGRAM OF THE SYSTEM FE-0O AT INCREASED PRESSURE * 


V.I. ARKHAROV and D.K. BULYCHEV 
Institute of the Physics of Metals, Akad. Nauk SSSR 


(Received 13 June 1958) 


In paper [1] we established that at high 
pressures wustite decomposes in the tempera- 
ture range of 500-450° C, while in another 
paper [2] we found that wustite is formed in 
the scale when iron is oxidized in the same 
temperature zone and at higher pressures. 


To explain this apparent contradiction we 
suggested [2] that the pressure shifts the 
boundary of the homogeneity region of wustite 
in the phase diagram of the system Fe-0 in a 
certain way. According to this suggestion the 
point which defines the low temperature 
boundary of the stability region of wustite 
is shifted lower and to the side of higher 
oxygen contents. The low temperature boundary 
of wustite of the composition used in paper 
[1] should (under high pressure) be shifted 
only a little. In the temperature zone of 
500-450° C it should become unstable and de- 
compose. At the same time during the oxidiza- 
tion of iron under high pressure in the 
temperature zone of 500-450° C wustite may be 
formed, but of a composition correspondingly 
enriched in oxygen. 


To check these suggestions it was first of 
all necessary to determine the lattice para- 
meter of wustite formed during the oxidiza- 
tion of iron under increased pressure and 
compare it with that obtained in the case of 
iron oxidization under normal pressure above 
the low temperature boundary of the stability 
region of wustite. In the two cases to be 
compared (by means of the selection of the 
duration of the oxidization) one must have the 
same degree of oxidization (the same specific 
additional weight of the sample). 


* Fiz. metal. metalloved. 6, No. 6, 


In the present paper we report the results 
of such a determination made by us for check- 
ing the above hypothesis. 


The following two variants of the condi- 
tions fog the oxidization of iron were 
selected: 1) at normal pressure and 650° C, 
duration 60 min; 2) under a pressure of 100 
atm and at 500° C, duration 30 min. Under the 
conditions of the first variant (in a high 
pressure chamber, all other conditions being 
kept equal) the oxidization was conducted in 
the same furnace as in the second variant. The 
samples were cooled with the furnace after the 
experiment, which took from 10 to 15 min. 
Under the conditions of the first variant the 
additional weight of the sample was 5.8 mg/cm%, 
under the conditions of the second variant 
6.3 mg/cm’, 


As the X-ray photographic control showed, 
in both cases wustite was found in the scale, 
together with hematite and magnetite. 


It is known that in iron scale the hematite 
forms a thin outer layer under which the 
middle layer of magnetite and the inner layer 
of wustite are found, the latter being 
divided into two "sub-layers" formed by diffe- 
rent mechanisms [3]. The iron concentration 
in the wustite and, correspondingly, the 
lattice parameter of the wustite, are at a 
maximum at the boundary of the inner layer 
with the metal, and at a minimum at the bound- 
ary of the inner and the middle. (magnetite) 
layer of the scale [4]. If the total thickness 
of the scale is sufficiently small (as was the 
case in the experiments described by us), an 
X-ray photograph taken of the outer surface 
of the oxidized sample shows the Debye lines 
of wustite and iron besides those of hematite 
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and magnetite. The wustite lines have the 
position and degree of broadening which corres- 
ponds to the average parameter of the wustite 
lattice throughout the thickness of the layer 
of this phase (a guarantee that it was really 
the average over the whole thickness of the 
wustite layer was the appearance in the X-ray 
photograph of the lines of the iron side by 
side with the lines of the oxides). 


A more detailed picture of the distribution 
of the wustite lattice parameter values 
throughout the depth of the inner layer of 
iron scale produced in work with very thick 
scale is as follows: within each of the "sub- 
layers" the wustite lattice parameter changes 
comparatively little; it changes sharply, 
however, in the narrow zones adjoining the 
boundaries* of the inner layer with the metal 
and with the middle magnetite layer and also 
at the boundary between the sublayers [4]. 
Because of this distribution of the parameter 
value of the wustite layer in depth two 
"basic" parameter values occur in the wustite 
layer of the scale, one of which character- 
izes on the average the composition of the 
outer wustite layer and the other the inner 
sublayer. Hence, when the X-ray photograph is 
taken from the outer surface of the oxidized 
sample, the parameter value of the wustite 
lattice ohtained is the average between those 
of the two "basic" layers corresponding to 
the relation of the thicknesses of the two 
sublayers. In scale of such slight thickness 
as obtained in our experiments it is virtually 
impossible to judge this relation. It is all 
the more impossible to derive the above 
mentioned complex nature of the gradients of 
concentration in the depth of the wustite 
layer. With our method it was impossible to 
increase the absolute thickness of the scale. 
Therefore, the values of the wustite lattice 


* A similar course of the change in the para- 
meter value of the wustite lattice through- 
out the depth of the layer also occurs in 
the reduction of the higher oxides of iron 
[5]. In that paper the probable cause of 
this course is indicated. 


parameter obtained from X-ray photographs 
taken from the outside surface of the samples 
gave only an approximate picture of the com- 
position of the wustite formed under diffe- 
rent oxidization conditions. We had, however, 
a possibility for obtaining a slightly more 
detailed picture of the wustite in the scale, 
namely for obtaining the value characteristic 
for the outer wustite sublayer separately 
from the lattice parameter which is the aver- 
age over the whole thickness. This possibil- 
ity was open because when the scale is 
mechanically removed from the oxidized iron 
sample, the rupture usually occurs along the 
boundary between the wustite layers [3]. The 
outer sublayer remains on the inner side of 
the "crust" which is removed and it is 
possible to take X-ray photographs from the 
inner side of this crust and to obtain the 
value for the lattice parameter of the wustite 
which belongs to the average outer sublayer. 6 


When the scale (crust) is removed, the 
inner sublayer of the wustite remains on the 
metal. In our experiments, however, the inner 
sublayer was so thin that it was not possible 
to obtain from it sufficiently clear traces 
in the Sachs X-ray photograph and in practice 
it was impossible to measure the parameter of 
the wustite lattice in the sublayer. 


Thus, we took X-ray photographs of our 
samples in the following order. First we took 
an X-ray photograph from the outside of the 
unprepared oxidized sample. Then the scale 
was mechanically removed from the sample in 
the form of a whole "crust" and an X-ray 
photograph was taken from the inner side of 
this crust. The first X-ray photograph gave 
the value for the wustite lattice parameter 
corresponding to the average wustite composi- 
tion through the whole thickness of the layer. 
The second X-ray photograph similarly gave 
the composition of the wustite in the outer 
sublayer denuded of iron. 


The X-ray photographs were taken with the 
method of Sachs in a KROS-1 camera in K-Fe 
radiation. The measurements were made from 
the (133) wustite line. An error in the 
measurement of the distance between the lines 
in the X-ray photograph of 0.2 mm corresponded 
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to an error in the relative measurement of 
the wustite lattice parameter of 0.0006 A. 
The scatter of the corresponding wustite 
lattice parameter values obtained from re- 
peated experiments did not exceed this magni- 
tude. For each of the two variants of the 
conditions for oxidizing the iron indicated 
above three determinations were made. 


For the first variant (normal pressure, 
650°C, 60 min) lattice parameter values for 
the wustite in the outer sublayer of 4.2885 A 
were obtained, for the average throughout the 
wustite layer of 4.2942 A. For the second 
variant (100 atm, 500°C, 30 min) correspond- 
ingly 4.2864 and 4.2907 A. 


Our problem was to explain to what extent 
these experimentally determined values for 
the wustite lattice parameter agree with the 
hypothesis stated by us earlier on the effect 
of high pressure on the region of stability 
of the wustite in the phase diagram of the 
Fe-O system. 


omposition 
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Fig. 1 shows the part of this diagram 
which interests us, and which includes the 
lower boundary of the stability region of 
wustite. The smooth solid line indicates the 
boundary of this region for normal pressure 
according to the latest investigation of it 
by Marion [6]. To judge the shape of this 
boundary at higher pressures we have at pre- 
sent only the following data and consider- 
ations. The wustite investigated by us in 
paper [1] had a lattice parameter of 4.2940 A 
to which corresponds, according to data by 
Jette and Foote [7], a composition marked in 


Fig. 1 by a vertical line passing through 
point M.* 


According to our data [1] wustite of this 
composition decomposes at high pressures at 
temperatures below 580°C. This means that 
under the action of high pressure point ¥ may 
be lowered to the position M’. We suggest 
that the boundary of the stability region of 
wustite at higher pressures passes through 
point M’, above this point lying parallel to 
the boundary which corresponds to normal 
pressure. Further we extrapolate the shifted 
boundary from point /’ lower down to the 
intersection with the horizontal which corres- 
ponds to the temperature of 450°C which 
according to our data [2] limits the stabil- 
ity region of wustite at pressures of 50-100 
atm.{ In this way we obtain point 0’ which 
corresponds to point O at normal pressure. 


The right-hand boundary of the stability 
region of wustite at higher pressures should 
go from point 0’ upwards and to the right 
qualitatively similar to the right-hand bound- 
ary at normal pressure. 


Thus Fig. 1 shows the probable position of 
the boundaries of the stability region of 
wustite at higher pressures. 


The values of the wustite lattice para- 
meter obtained by us experimentally in this 
Paper (see above), in accordance with the 
curve of Jette and Foote, correspond to the 
compositions marked by vertical lines passing 
through points A and B (oxidization at normal 
pressure and 650°C) and points C and D 
(oxidization at increased pressure of 100 atm 
and 500°C). 


We see that the points C and D fall inside 
the probable region of stability of the 
wustite at higher pressure. 


The curve for the lattice parameter of 
wustite as a function of its composition 
according to Jette and Foote is given in 
the upper part of Fig. 1. 


In paper [2] in the diagram this horizontal 
has been erroneously assigned the tempera- 
ture of 380°, 
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This result is in agreement with the hypo- 


thesis stated by us in paper [2] and may be 
regarded as a first rough and qualitative 
confirmation of it. It makes it possible to 
design further experiments to give greater 
precision to the suggestion of the shift of 
the boundary of the stability region of 
wustite in the phase diagram. 


Translated by B. Ruhemann. 
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Institute of Non-ferrous Metallurgy, Akad. Nauk USSR 


(Received 13 June 1957) 


At present there exist two opinions on the 
role of the nitrogen in air in the process of 
electric spark hardening. Some investigators 
[1-4] attribute to it a great role in the 
processes of the formation of metastable 
phases and hardening. Others [5-7] do not find 
nitrogen or its compounds in the surface layers 
of the samples and believe that nitrogen does 
not take part in the hardening process. To 
find out what role the medium of air plays in 
the electric-spark hardening processes is of 
interest. 


In the first series of experiments we in- 
vestigated the phase composition of the sur- 
face of samples where anode and cathode were 
made from the same material with X-ray struc- 
ture analysis. Six technically pure elements 
served as samples. The electric spark harden- 
ing of the samples was done in an apparatus 
assembled according to Lazarenko’s scheme [ 8 ] 
under the following regime: Voltage 80 V, 
capacity 28 » F, short circuit current 1.4 A. 
The apparatus was equipped with a power 
regulator adjusted so that the degree of con- 
denser discharge was constant for all dis- 
charges. The adjustment of the automatic 
mechanism and the control of the constancy of 
the regime was effected with the help of an 
oscillograph of E0-5 type connected according 
to a special scheme [9]. The X-ray photo- 
graphs were taken with chromium radiation in 
cameras of DK-1 type [10] with a drum radius 
of 114.6 mn. 


Table 1 gives data for the phase composi- 
tion of the surface layers of the samples of 
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the investigated combinations. As can be seen 
from this data, oxides and high temperature 
modifications of the element (if the given 
element is polymorphic) were observed in the 
surface layers of the investigated samples. 
Phases or compounds containing nitrogen were 
not observed in these samples. 


In order to study the problem more deeply 
a second series of experiments was made in 
which the phase composition and micro- 
hardness were studied in samples electric- 
spark hardened in an atmosphere of air and in 
carbon dioxide. Five combinations of elements 
were studied: Al-Ct Fe-C, Fe-Al, Cu-Al, 
Fe-Fe. 


The electric treatment of the samples was 
done in a test-flume covered outside with a 
sheet of cellophane, while the carbon dioxide 
was fed into the stream by a pipe with excess 
pressure. This prevented air from being 
sucked into the stream. Before treatment the 
entire system was washed with carbon dioxide 
for 3-4 min to expel air. 


The microhardness was determined in a PMT-3 
apparatus with a load of 20 g. 


The conditions of electric spark hardening 
and X-ray photographs were the same as in the 
first series of experiments. 


+ Al was the metal to be treated (the 
cathode), C- graphite - the treating 
electrode (anode). This order of signi- 
ficance will be used throughout. 


Electric spark hardening 


TABLE 1, 

Phase composition of the surface layers of cathodes 
after electric spark treatment in air 
Treating,electrode Phase composition 

(anode) of cathode 


V,0; 


Treated metal 
(cathode) 


Vv Vv 


§-Mn 


Mn MnO 


1-Fe 


Fe FeO 


Cu 


Zt 


Nb 


TABLE 2. 
Phase composition and microhardness of surface layers of samples 
after electric hardening in different interelectrode atmospheres 


Treated 
metal 
(cathode) 


Treating 
electrode 
(anode) 


Phase composition 
of cathode 


Microhardness 
H 20/xB, kg/mm2 


in air 


in carpon 
dioxide 


in carbon 


dioxide in air 


Al | Graphite | 


500 | 800 


Fe | Graphite | Fe,C 


Al,C, | 
| 925 


FeAl 


| Al FeAl; 


370 


cf 
Al Al,Cuy 


670 


+ (a=3,63 A) 
FeO 


| 


300 


Table 2 shows the phase composition and 
microhardness of the surface layers of samples 
electric-spark hardened in air and in carbon 
dioxide. This data shows that in samples of 
the combinations Al-C, Fe-C, Fe-Al and Cu-Al, 
treated in carbon dioxide, exactly the same 
phases are formed as with treatment in air 
but in greater quantity, which can be seen 
from the increased intensity of the diffrac- 
tion lines of the phases formed and the in- 
crease in the microhardness (see Table 2) 


compared with samples of the same combinations 
hardened in air. 


The difference between the phase composi- 
tion of the surface of samples of the combi- 
nation Fe-Fe treated in air and in carbon 
dioxide (Tables 2 and 3) is that the former 
contain a smaller quantity of the y-phase and 
FeO, and that the interference lines of the 
a-phase are more blurred, which speaks of its 
greater deformation. These samples have a 
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great microhardness. 


In our view this is caused by the fact 
that in the electric treatment of samples of 
the combination Fe-Fe in an atmosphere of air 
it is the oxygen of the air which conditions 
the basic phenomena that give rise to the 
changes in the phase composition and to the 
hardening. It is known that oxygen is dis- 
solved in solid iron in small quantities. In 
liquid iron, however, the solubility of oxygen 
increases 4-5 times [11]. Rapid quenching, 
characteristic for electric spark treatment, 
can fix this supersaturated solid solution. 


In the electric hardening of samples of 
the combination Fe-Fe in an atmosphere of 
carbon dioxide there obviously occur the 
following phenomena. Under the effect of the 
high temperature of the discharge (about 8500° 
[12])CO, can dissociate, freeing oxygen [11]. 
Taking into account the short duration of the 
discharge (about 107" sec), a considerable 
pause between discharges (1072 sec) and that 
electric hardening occurs not in a static 
atmosphere of carbon dioxide but in a rapid 
flow of it, one can reckon that the carbon 
dioxide atmosphere between the electrodes 


during the electric hardening is slightly 
oxidizinge A reduction in the amount of oxygen 
actively oxidizing the surface of the iron 
leads to a reduction in the amount of FeO and 
of the solid solution of oxygen in y-iron. In 
consequence of the lesser degree of alloying 
with oxygen this solid solution is less 
stable and on cooling the y + a transition of 
the martensite type occurs. That is what 
leads to the increase in the microhardness 
and the broadening of the interference line 
(110), in the X-ray photograph (Table 3). 


If the formation of austenite during the 
electric hardening of samples Fe-Fe in air 
were caused by nitrogen then it would not be 
possible to obtain austenite with treatment 
in carbon dioxide, since carbon dioxide does 
not contain nitrogen, 


As can be seen from the data given above 
(Tables 1-3) in samples of the combination 
Fe-Fe electrically treated in air the nitrogen 
containing phases Fe,,N and Fe,N were not 
observed. To check the proposition that the 
ferrite and residual austenite of these 
samples contain nitrogen, a third series of 


TABLE 3. 


X-ray analysis data for samples of the combination Fe-Fe 


subjected to different treatments 


Form of treatment 


Phase composition (%) 


Relation 
of inte- 
gral line 
intensity 


Ty (200) 


Ta(110) 


Width of 

interfer- 

ence line 
(110), 


a-Fe (mm) 


Electric hardening in 
_ atmosphere of air 


Electric hardening in 
atmosphere of carbon 
dioxide 


Electric hardening in 
air + threefold temper 
in vacuum at 600° 

do + light polishing 
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experiments was made. 


It is known that nitrogenous ferrite, 
martensite and residual austenite on heating 
above 580-590° form nitrogenous austenite. 
The latter, on subsequent slow cooling, dis- 
sociates into nitrogenous pearlite consisting 
of nitrogenous ferrite and the phase Fe,N. if 
we were to observe this phase after tempering 
we would be right to draw the conclusion that 
nitrogen was contained in one of the phases 
(ferrite, martensite or residual austenite). 


In this series of experiments the samples 
Fe-Fe electrically hardened in air were 
tempered three times at a temperature of 600° 
each time for an hour. After each tempering 
the sample was cooled on air to a temperature 
of 100°. The tempering of the samples was 
done in a vacuum. The conditions of the 
electric spark treatment and of the X-ray 
photographs were the same as in the previous 
experiments. 


Table 3 gives the data for the phase com- 
position of the surface of the sample 
immediately after slight additional polishing 
which had the object of removing a slight 
surface layer. 


It follows from this data that as a result 
of repeated tempering a dissociation of the 
y-phase occurred, the phase Fe,0, appeared 
and the amount of the a-phase increased. The 
amount of deformation of the a-phase de- 
creased after tempering, which is shown by 
the reduction of the width of the interfer- 
ence line (110) 


As a result of the polishing only quanti- 
tative changes occurred in the phase composi- 
tion; the amount of the a-phase increased and 
the amount of the oxides (in the main FeO) 
decreased, which is quite natural, since in 
polishing a thin surface layer is removed. 


Lines of the Fe,,N phase were not observed. 


Therefore one can think it more likely that 
the formation of austenite and martensite in 
the electric hardening of samples of the 
combination Fe-Fe in an atmosphere of air is 
caused by alloying with the oxygen of the air. 


CONCLUSIONS 


1. During electric hardening of samples in 
an atmosphere of air by electrodes of the 
same material as the samples oxides and high 
temperature phases (if the element is poly- 
morphic) are formed in the surface layers. 


2. Comparing the phase composition of the 
samples electrically hardened in atmospheres 
of carbon dioxide and air one can observe 
that in the combinations investigated the 
oxygen of the air always influences the phase 
composition of the surface, strongly oxidizing 
the elements of the vaporous phase of the 
discharge and thereby reducing its amount in 
the compounds and phases on the surface of 
the sample. Besides, oxygen itself can 
saturate the surface forming metastable solid 
solutions. 


3. In our experiments participation of the 
nitrogen of the air in the formation of the 
phases and compounds on the surface of the 
electrodes was not observed. 


Translated by B. Ruhemann 
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Ts.N.I.I.Ch.M. (Central Scientific-Technical Institute 
of Iron Metallurgy) 


(Received 6 May 1957) 


In the study of the self diffusion of iron 
in unalloyed austenite it has been establish- 
ed that the value of the activation energy of 
self diffusion Q and the pre-exponential 
factor Dy depend on the carbon concentration 
in the austenite [1]. It is known that there 
is a direct connexion between Q and Dy on 
the one hand, and the energy of the bond on 
the other [2].A direct determination of the 
energy of the bond in the austenite lattice 
has been made in paper [3] in which the sub- 
limation energy of iron was determined by 
means of the measurement of the temperature 
dependence of the vapour pressure. It was 
shown that the heat of sublimation of iron 
decreases when carbon is dissolved in it. 


In paper [4] it was shown that in iron- 
nickel solid solutions containing 20 and 25% 
nickel and various amounts of carbon the 
self-diffusion parameter also decrease with 
increasing carbon concentration in the solid 
solution. This means that the negative effect 
of carbon on the strength of the bonds in the 
austenite lattice also occurs in ternary 
alloys. 


The results quoted refer to austenite, the 
high temperature modification of iron. 


A systematic study of the changes in the 
characteristic temperature of the solid solu- 
tion of carbon in alpha iron (in martensite) 
as a function of the carbon concentration was 
made in paper [5]. The authors showed that 
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increased carbon concentrations in the solid 


solution lead to a reduction of the character- 


istic temperature. This means that the solu- 
tion of carbon in the crystal lattice of 
alpha iron reduces the strength of the bond 
between the atoms, 


Thus, the study of the temperature depend- 
ence of the scattering of X-rays and the 
study of diffusion have shown that carbon 
dissolved in the lattice of alpha and gamma 
iron, whether or not alloyed with other ele- 
ments, leads to a reduction in the forces of 
interaction between atoms. It is also Known 
that the solution of carbon in iron leads to 
considerable deformations of the lattice. 


On the other hand, there exists much data 
on the effect of carbon on the mechanical 
properties at higher temperatures. Bordzyka 
has assembled the data in the literature on 
this question and has come to the conclusion 
that "the exiStence of a ’critical’ tempera- 
ture at which the carbon content in steel 
should not affect its heat resistance, and 
above which carbon begins to reduce the heat 
resisting properties of steel, is theoretic- 
ally admissable" [6]. In this paper the 


effects of carbon dissolved in iron and carbon 


combined in carbides are not distinguished. 


The effect of carbon dissolved in austenite 


on certain mechanical properties at room and 
higher temperatures has been studied in 
Panasiuk’s paper. The author shows that there 
is a tendency to a lowering of the creep 
strength at 800°C when the carbon concentra- 
tion in the alloyed austenite is increased. 
The effect he has established is, however, 


VOL 


Creep strength of the tiron-nickel-manganese solid solution 


close to the limit of error of the experiment. 
Data on the negative effect of carbon on the 
durability at high temperatures is given in 
paper [7]. 


In the present paper the temperature of 
the beginning of the recrystallization is 
determined and an investigation made into the 
dependence of the creep strength on the con- 
centration of the dissolved carbon, the 
temperature and the stress for iron-nickel- 
Manganese steels. In these steels the carbon 
is in the solute state and not in the form of 
carbides. 


All steels belong to the austenite class 
(see Table 1). 


The steels were melted in a high frequency 
induction furnace of 10 kg capacity. 


To exclude the effect of grain size on the 
features to be studied, the samples of each 
series were given appropriate treatment which 
ensured that they were of equal grain size. 
The respective heat treatments are also given 
in Table 1. 


The creep strength was determined in a 
Shepper type machine on standard samples of 
DP-5. To prevent oxidization of the samples 
the tests were made in an argon atmosphere. 


RESULTS OF EXPERIMENTS AND 
DISCUSSION 


The results of the study of the kinetics 
of recrystallization, after cold deformation 
to 60 per cent beforehand, are shown in 
Fig. 1 from which it can be seen that the 
logarithm of the time necessary for the be- 
ginning of recrystallization and the reci- 
procal temperature are related by a linear 
function. From the slope of the straight lines 
obtained the activation energy for recrystall- 
ization was calculated. It follows from Fig.1 
that the smaller the amount of carbon dis- 
solved in the austenite, the higher the 
temperature of the beginning of recrystalliza- 
tion. 


The calculation of the activation energy 
of the process shows that it is the greater 
the higher the carbon concentration in the 
solid solution and is 47,000 cal/mole for a 
solid solution containing 0.05% carbon; 
53,000 cal/mole for a solid solution contain- 
ing 0.5% carbon; 58,000 cal/mole for a solu- 
tion containing 0.9% carbon. 


It might have been expected that the activ- 
ation energy of recrystallization would be 
the greater the higher the energy of the 
interatomic bonds in the crystal lattice, that 


TABLE 1. 


Chemical composition and heat regime for the steels investigated 


Content of elements, % weight 


Grain size 


Mn Ni 


Treatment regime 


after forging points 


6—5 
6-5 


1125°C—2.5 hr 
1100° C—2 hr 
1100° C—1.5 hr 


The temperature of the beginning of re- 
crystallization was determined by the X-ray 
method after deformation of the samples to 
60 per cent. The beginning of recrystalliza- 
tion was established from the appearance of 
the characteristic specks on the background 
of the blurred lines [8] .* 


is the lower the carbon content. We obtained 
the reverse result, however. Evidently, the 


The design, construction and setting up of 
auxiliary apparatus to the machine for 
tests in an inert atmosphere are by V.I. 
Kokhno, 
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NO F 10" 


FIG. 1. Dependence of the temperature of the 
beginning of recrystallization of steel on 


the carbon concentration in the solid solution. 


energy of the interatomic bonds is not the 
only factor determining the magnitude of the 
activation energy of recrystallization. It 

may depend also on changes in the surface 
energy of the crystallites in the alloying 
process and on other factors. In particular, 
it is known that the surface tension "crystal- 
melt" for steel and iron is the lower the 
higher the carbon concentration in them [9]. 


Here it is important to stress that al- 
though higher concentrations of carbon in the 
solid solution raise the activation energy of 
the process, the temperature of the beginning 
of recrystallization remains higher for solid 
solutions with lower carbon content. Extra- 
polation of the straight lines obtained to 
longer durations and lower temperatures leads 
to their intersecting each other. The inter- 
section relates, however, to low tempera- 
tures and long durations at which in practice 
the recrystallization process cannot occur in 
these alloys. 


Thus, the annealing temperature of the 
solid solutions studied is the higher, the 
lower the carbon concentration in them. 


The study of creep strength was carried 
out at three temperatures and at different 
stresses in steels containing 0.05 and 0.47% 
C. The results of the tests are shown in 
Fig. 2. The figure shows that at constant 
temperature the logarithm of the time up to 
fracture and the stress employed are related 
by a linear function, that is the time and 
the stress are related by an exponential 
function r = A. e~8% where r is the time up 
to fracture, o the stress employed and A and 
B certain constants depending on material and 


temperature. This relationship has been es- 
tablished over a considerable time interval 
by S.N. Zhurkov for a number of materials 
[10]. 


At all three test temperatures in the time 
interval up to 100 hr steel containing a 
greater amount of carbon has a higher resist- 
ance to fracture. On going over to loads 
which cause fracture in 100 hr or more, how- 
ever, the difference in the behaviour of the 
steels diminishes. 


ohe/mnt 
od 


il 


5 


FIG. 2. Dependence of the durability of steels 
on the carbon concentration in the solid so- 
lution and the temperature of the test. 


30 00 000 c 


/ 
9 uN 


FIG. 3. Dependence of the durability, identic- 
al for two steels, on the temperature of the 
test. 


At certain stresses characteristic for 
each temperature the creep strength of both 
steels becomes the same. The higher the 
temperature of the test, the lower the value 
of this strength. 


If the logarithm of the lifer _ which 
corresponds to the intersection of the straight 
lines In r = ¢(o) is represented as a func- 
tion of 1/T one can obtain the straight line 
shown in Fig. 3. This means that the strength, 
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identical for both alloys, and the test 
temperature are related in the following way: 
= where is the time to 
fracture, T the temperature of the test and K 
and N are constants. 


If at the given temperature the stresses 
are so chosen that the creep endurance; is 
greater than r_., the alloy with the lower 
carbon concentration will have a higher re- 
sistance to fracture; but if 7 is less than 
rt the alloy with the higher carbon concen- 
tration will have the greater resistance to 
deformation. 


The observed behaviour of solid solutions 
depending on the carbon concentration in them 
is in good agreement with the general concepts 
of the effect of the interaction between the 
atoms and of the structure on the heat re- 
sistance and with the data on the effect of 
carbon on the strength of the interatomic 
bonds in the austenite crystal lattice. 


Above it has been noted that an increase 
in the carbon concentration in austenite 
causes a lowering of the strength of the in- 
teratomic bonds and increases the static de- 
fects in the lattice. 


At relatively high rates of deformation 
the decisive factor in determining the resist- 
ance of the alloy to deformation is apparently 
its structure. The effect of lattice defects 
caused by the solution of carbon can cover up 
the negative effect of the lowering of the 
strength of the interatomic bonds and lead to 
hardening. This is precisely the effect of 


carbon at low temperatures observed for alpha - 


iron [11]. 


At relatively low rates of deformation, 
when the slip mechanism of deformation is re- 
placed by the diffusion mechanism, the 
decisive factor becomes the strength of the 
interatomic bonds. A lowering of the forces 
of interaction between the atoms and the rise 
in the mobility of the atoms caused thereby 
leads to a lowering of the resistance to 
Plastic deformation. The presence of defects 
in the crystal lattice should also lead to a 
lowering of the properties of the solid solu- 
tion, since any violation of the regularity 


of the crystal lattice increases the diffusion 
plasticity. The higher the test temperature, 
the higher the rate of deformation at which 
the transition to the diffusion type of plasti- 
city occurs. 


It is known that in a number of heat re- 
sisting steels a considerable amount of carbon 
is contained distributed between carbides and 
the solid solution. In accordance with the 
results obtained one must bear in mind that 
under certain conditions which must be deter- 
mined for each steel the presence of carbon 
in solid solution may lead to a lowering of 
the resistance to deformation at higher 
temperatures. 


CONCLUSIONS 


1. The introduction of carbon into an iron- 
nickel-manganese solid solution lowers the 
temperature of the beginning of recrystall- 
ization. This shows that the solute carbon 
lowers the resistance of the hardened solid 
solution to the effect of heat. 


2. Carbon dissolved in the solid solution 
causes an increase in the resistance to 
fracture at relatively high rates and a 
lowering*at relatively low rates of deform- 
ation, 


The higher the temperature of the test 
the higher the rates of deformation at which 
the advantage of the decarburized solid 
solution shows itself. 


3. The effect of carbon described is 
apparently connected with the decrease in the 
strength of the interatomic bonds and the 
increase in the defects of the lattice of the 
solid solution. 


Translated by B. Ruhemann, 
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(Received 23 June 1956) 


The study of the diffusion mobility of the atoms on the surface of a metal, particularly 
along the grain boundaries, is of fundamental importance for the theory of the real solid 
body. This question is also very important for the theory and practice of heat resistance. 


The rupture of heat resistant alloys predominantly along the grain boundaries under static 
loads makes it necessary to study the mobility of the components within and between the 
crystallites. 


The effect of the grain boundaries on the rate of diffusion has been shown experimentally 
for various metals. In the paper by Bugakov and Rybalko [1] an increase in the rate of diffu- 
sion was observed with a decrease in grain size. In the papers of V.I. Arkharov and his 
collaborators [2] the penetration of the components predominantly along the boundaries has 
been qualitatively established for Fe, Ni and Cu alloys and the effect of admixtures on the 
course of this process demonstrated. 


The enhanced rate of diffusion along the grain boundaries has been demonstrated directly 
with the help of radioactive isotopes by the method of autoradiography. Thus, in the paper by 
Hoffman and Turnbull [3] this has been established for the case of self-diffusion of silver; 
for the case of self-diffusion of tin by Fensham [4]; for the self-diffusion of Fe, the diffu- 
sion of Sn in Ni and for a number of other cases by Bokshtein and collaborators [5]. In papers 
[ 6, 7] the predominant diffusion of Ag and Zn in Cu along the grain boundaries and the depend- 
ence of this process on the mutual orientation of the neighbouring grains have been demons- 
trated. A similar dependence has also been proved in paper [8] for the diffusion of Ni in Cu. 


Both for the solution of various diffusion problems and for the calculation of diffusion 
characteristics from experimental data it is necessary to have a theoretical analysis of the 
process of superposition and interaction of the boundary and volume diffusion in a polycrystal. 
The first attempt at such an analysis was made in Fisher’s paper [9]. He examined the diffu- 
sion in a semi-infinite crystal with grain boundaries perpendicular to the surface of the 
sample, as shown in Fig. 1. 

Xx 


FIG. 1. Model of a single "fissure" after [9]. 5: width of the boundary or "fissure". On 
both sides of it is the semi-infinite volume of the grain. Arrows indicate the diffusion 
along the boundaries and into the interior of the grain volume. 


* Fiz. metal. metalloved. 6, No. 6, 1040-1052, 1958. 
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The diffusion coefficient within a slab of thickness 6 is D,, in the volume of the crystal 
D,. It is assumed that D, >» dD,» therefore, Fisher neglected the vertical component of the 
volume diffusion, assuming that diffusion in volume occurs only in the direction normal to the 
slab. The concentration of the diffusing substance on the sample surface is assumed to be 
constant, equal to Co: D, and D, do not depend on the concentration. On these assumptions the 
differential equations for the diffusion along the boundaries and in the grain volume are 


written in the form 


(1) 


(2) 


Numerical integration of systems (1) and (2) leads to a solution which makes it possible to 
the concentration of the diffusing substance in 


find a simple analytical expression for Cyo1? 
the grain 
x1 
Col= Co CXp erfc (3) 
(xt,) 4 


where m0 Ny and t, are dimensionless parameters: 


Dt 
i= 82 . 


Dg 

dD, 
Although the relations so obtained were confirmed by experiment is], nevertheless, the numerous 
mathematical assumptions made to obtain (3) may be a source of serious error in treating the 


experimental data. 


Whipple [10] gave a stricter solution and did not neglect the vertical component of the 
volume diffusion. This solution is, however, so complex mathematically that the treatment of 


experimental data is made very difficult. 


Le Claire [11] has shown that by simple differentiation of expression (3) one can find the 
value of the angle @ between the iso-concentration contour and the grain boundary at the point 
where they meet, which does not depend on the absolute value of the concentration. 


The above described model of the slab has been more fully considered in the papers of 
Golikov and Borisov [12] who have estimated the region of applicability of Fisher’s solution. 

and have proposed an original method for finding the diffusion parameters both on the basis of 
absorption and of autoradiographic measurements. The model of the boundary region proposed by 
Fisher did not, however, undergo any important change in these papers. 


Incidentally, the model is a first approximation. It describes the diffusion in a single 
slab and therefore the grain size does not figure directly in the model and the interaction in 
the model and the interaction of the grain boundaries is not taken into account. The geometrical 
forms on which models of the grain and the boundary are based are very far from reality, yet not 
only the interaction between the boundaries but also the nature of the diffusion into the 
volume of the grain, which is connected with the curvature of its boundaries, should depend on 


the size of the grain. 


The papers mentioned do not take into account the existence of an equilibrium distribution 
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of the components between the boundary and the volume of the grain, that is, the process of 
diffusion must finally lead to complete equalization of the concentrations on the boundaries 
and in the grains of the metal. This really takes place in self-diffusion, but for hetero- 
diffusion the presence of a definite equilibrium distribution is characteristic which corres- 
ponds to the attraction or repulsion of the components (e.g. the diffusion of Sn in Ni[5]). 


From a detailed consideration of the model one deduces that it will be the cruder, the 
smaller the grain size, and the ratio between the diffusion coefficients and the longer the 
time of diffusion. In the light of the considerations of Smolukhovskii and others [6,7] on the 
effect of the relative disorientation of neighbouring grains on the rate of diffusion the 
limits of the model of a single slab become narrower still. The development of Fisher’s model 
requires taking account of the effect of parallel boundaries on the diffusion process. 


The model becomes totally inapplicable for the description of diffusion in mosaic blocs. 
Incidentally, from the papers of Gruzin Kuznetsov and Kurdiumov it follows that the inner 
structure of the grain, which is apparently connected with the existence of blocks, leads to a 
considerable increase in the mobility of the atoms. In particular, in paper [13] it has been 
established that the diffusion coefficient may increase three-fold from this cause. 


FORMULATION OF THE PROBLEM AND SOLUTION 


Another model of the real solid body will be considered below. We shall treat the poly- 
crystal as a certain packing of spherical grains (Fig. 2). Here the degree of compactness will 
be somewhat higher than in a close packing of spheres since the form of the grains is not 
spherical. In this model the boundary represents a separate phase with its own specific equili- 
brium and kinetic characteristics. Here over a certain average width a, conditions exist which 
facilitate a stepped jump of the concentration and the diffusion coefficient. The diffusing 
substance is distributed between two phases: the boundary and the volume of the grain. This 
model is close to that accepted in the theory of heat transfer and mass transfer in a granular 


material. 
Let us write down the equations which will describe the diffusion process in this model. 


Let u(x, t) = ff u(x, y, z, t)dydz be the concentration of the diffusing substance on the 
boundary of the grains as a function of the depth of penetration and the time of diffusion. 


Similarly, w(x, r, t) = ff w(x, y, z, r, t)dydz shall be the concentration in the volume of 
the grain as a function of the same parameters as u and also of the depth of penetration of 
the substance into the grain. Then the equation 

Ow Ow 2 dw 
4 
ot 1\ @r2 OF (4) 
will describe the diffusion of the component in the spherical grains of a certain average 
size rp. ‘ 

In writing the equation for the function u we neglect the gradient of the concentration over 
the narrow width a, but take into account the existence of a certain "pumping off" into the 
grain. We can then write 


ou ow 


or r=Te 


where H is the share of the "free section" of the boundary, 7 the share of the grain surface 
per unit volume, D, the diffusion coefficient in the grain volume and D, the diffusion coeffi- 


cient along the grain boundaries. 
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FIG. 2. Model of a close packing of grains or spheres. 
ro: average radius of grains or spheres; a) average width of grain boundary; arrows 


indicate the diffusion along the boundaries and in the interior of the grain volume. 
Let us link the values of H and 7 with the characteristics of the real crystal. Obviously, 
7 = 4 mr? N, where N is the number of grains per unit volume, Then, for a close packing of 
spheres, 


(6) 


a 


3 
The boundaries’ share of the cross-section is the proportion of the area of the boundaries 
to the total area of the cross-section of the sample. It follows from Fig. 2 that 
An 


Since a << ros 

=. 

The proportion which interests us is n /H= 2.28/ap. Since the form of the grains is not 
spherical, we may reckon without great error that 


= 


(8) 


Thus, the original system (4,5) and the corresponding boundary conditions may be written as 
follows: 


(9) 
(10) 


{11’) 
a(x, 0) =0, (11”) 
w(x, r, 0) =0. (12”) 


In deriving the equations an important assumption was made: it was assumed that the function 
w had spherical symmetry, which means the absence of a concentration gradient along the bound- 
ary to the depth of one grain. Strictly speaking, this condition is fulfilled for small grains, 
long durations and large ratios D,/D,. 


In some important cases the assumption of a spherical symmetry for w will not be fulfilled 
and it then becomes necessary to complicate the Laplace operator, introducing into it diffe- 


rentiation with respect to x. 
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The boundary conditions (11’) correspond to concentration at the crystal surface, that is 
to the choice of a diffusion problem, while the conditions (12” ) describe the presence at 
every moment of time of an equilibrium distribution of the concentration between the volume of 
the grain and its boundary. The distribution should be realized in a fairly thin layer and be 
characterized by the distribution constant y, which does not depend on time. 


We introduce the dimensionless parameters 
r 


p=—; 


The equations are then written in the following integral and differential form: 


a = (13) 


where c = rw, with the boundary conditions 
u (5, 0) =0, (14’) 
u(0, =) =U, (14”) 


= io’ ot = 74, (15°) 
= 0, (15°) 


c(:, p, 0) =0. (15””) 


This system is solved with the method of the Laplace operator (see appendix 1). 


The general solution of system (13) in expressions has the form 


) 


Up p a 


K(p)=Vp exp(Yp) +exp(—V¥p) _ _ 
exp(y p) —exp(— 


— exp (vp p) — exp (— ¥ pp) 
exp p) —exp(—y'p) 


exp (/ pp) —exp(— Pe) exp a ‘ (18’) 
exp p) — exp(—y/P) \ 


Uo p 


This solution in expressions (16), (17) and (18) accurately corresponds to system (13). It 
is, however, clumsy and excludes the possibility of returning to the original in the general 


forn. 


Further simplifications will be connected with the actual nature of the problem to be 
solved. It is of interest to see how the solution of system (13) behaves in the boundary cases, 
whether it passes over into the known formulae. In particular, it is evident that according to 
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the proposed model it should coincide with Fisher’s solution [9] when Ty 7 %- 


It is more natural to make this analysis with a solution similar to (16) which is presented 
in dimensional magnitudes. The corresponding expression has the form 


Vz Vp, +8 (19) 


ao To z 
Apparently, the solution will be different for different values of z. If one assumes, as is 
accepted in the theory of mass transfer, that the time for diffusion through one grain is 
tein > i,, z proves to be directly connected with the diffusion time as W/V te ine Analytic 
study of the function K in the region of z > 0 shows that it has a point of inflexion at z = 0, 
a maximum at z corresponding to 
coth 
Zz 


and drops extremely rapidly to zero. 


In the analysis it is necessary to aim at.a definite value for V P,. In the majority of 
investigations on diffusion in a polycrystal the time for diffusion annealing is on the average 
of the order of 100 hr, therefore one can assume 

With this assumption the maximum is included between z = 1074 and z = 107? and is very close 


to the value of the function for z= 0, when K(z) = y P,. Already for z = 1072 we have 
virtually K(z) = 0. 


Hence, formula (19) is considerably simplified in two cases. Firstly, when 8 V/ D,K(z) >> p, 
when 


No Pi 


This condition is more strictly fulfilled for z close to zero, In this region one can 
assume that K(z) = y p,, and the expression so obtained coincides with Fisher’s formula, which 
is quite natural since the condition z+ 0 is equivalent to r,) > ~. 


This conclusion does not contradict the opinion of Golikov and Borisov that [12] Fisher’ s 
solution is applicable to the initial stage of the diffusion process. If z- 0, and hence, 


tein > the process is always in the initial stage. 


A more careful examination of the question shows that the solution obtained is applicable 
to a whole number of cases, in particular to the treatment of the results obtained in paper 
[5]. Using for the calculation the formula 
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V3 
V D, 

gives an error not exceeding a few per cent. 


Secondly, the solution is simplified when fh V D,K(z) << p,, that is for sufficiently large 
z and, hence, extremely small grains. Then 


V 
For the reversion to the original expression (2) gives the usual erfc x/ D,t, which is 
fully justified for ro = 0. 


TREATMENT OF EXPERIMENTAL DATA 


All that has been presented above has been used in application to the results of experiments 
[5]. The formulae for the calculation are given in appendix 2 (where also see for the meaning 
of the conventional symbols). 


0, 1086 (x5 — x7) 
$1 xX 
* ~) 
X2 


(49) 


a,D, = 


Xq— Sg X1 


The results of the calculations and their comparison with the data are given in Table 1. 


TABLE 1. 


Diffusion Diffusion Without taking With 
coefficient temperature account of After model After TSNIICHERMET . 
(cm2/ sec) (°C) boundary-grain of "spheres"| Fisher [9] method 
interaction [5] 


Derain 4.3x107!! 5.65 x10—!! 4.3« 1071! 5.05 x10—!! 


Dpouna 6.0.x 1.4x10~7 2.51077 0.86 x 10-8 


Derain 5.5 x107!2 6.0x107!? 5.5 xlo-!2 6.45x 1077!2 


3.0x107!! 6.2x 6.2 x10~° 


Perain 1.36 x i071? 1.45x10-12 | 1.36x10-!? | 1.6 x10-!? 


1.45 x 1.71078 1.4x1078 1.5 x1079 


Dyound. 
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LIMITS OF THE APPLICABILITY OF THE MODEL 


In introducing any new model there naturally arises the question of the limits of its 
applicability. It is necessary to give precision to the region in which the proposed model 
accurately describes the processes which occur in reality. Above it was pointed out that 
Fisher’s model, for instance, corresponds to the initial stage of the diffusion process, and 
the model proposed by us to small grains, long durations and large ratios D,/D,. This pro- 
Ppusition needs to be better defined, however. 


The simplest estimate is obtained from the following two considerations. Firstly the streams 
ot the diffusing substance along the grain boundaries and into the grain should be equal, i.e. 


=D,r, (21,a) 
2 1 

where L, and L, are the distances to which the substance has penetrated along the boundaries 
and into the grain respectively. 


Secondly, the proposed model is the better the more L, > L,, since we are assuming that 
diffusion along the boundaries outstrips diffusion in volume considerably, wherefore one can 
assume that the penetration of the substance into the grain begins simultaneously on all its 
sides. 

From what we have said we obtain 


D, 
(21, b) 
Yo D, 

The expression 21b fully corresponds to the proposition stated above. Indeed, a reduction 
of the grain size and an increase in the ratio of D, to D, brings the description proposed by 
us close to the real course of the process. The estimate so obtained is, however, very crude 
and in essence merely qualitative. 


Another approach is possible which makes it possible to arrive at a more accurate, though 
also approximate, estimate of the region of applicability of the model of the "spheres". 


Above it was said that the system (9,10) is justified in the case of spherical symmetry of 
the function w, to which corresponds the absence of a gradient of concentration along the 
boundary for distances of the order of the grain size. In practice this means that in any point 
x the following condition should be fulfilled: 


ou) 
0 
(22, b) 
u 


As will be shown below (see appendix 1), in the sum which stands under the root sign in 
expression (16) one can always neglect the first member. Equation (22a) then assumes the form 


1, 


We have obtained a relation between the quantities which characterize the diffusion into a 
polycrystal. This relation limits the region of the applicability of the mathematical descrip- 
tion of the model proposed by us 


(22,6) 
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The expression (22b) has become complicated compared with (21b). Into it, as was to be ex- 
pected, a function of t has entered. Further precision of the inequality so obtained and its 
solution with respect to ro is connected with the specification of the function K(p). 


On the basis of the model described in this article the coefficients of self-diffusion of 
Fe in the volume and along the boundaries of the grain were calculated and showed good agree- 
ment with the values earlier determined for them. The application of the model under consider- 
ation to cases where the slab model is not applicable proved impossible, however, because of 
the absence of the corresponding experimental data. 


Apparently, the proposed "spheres" model will find much more interesting and new fields of 
application and can be used, for example, to describe the diffusion processes in powders, in 
two-phase mixtures (of eutectic type) and in and between blocs, i.e. where the slab model is 
in principle inapplicable. 


CONCLUSIONS 


1. A model of diffusion in a polycrystalline body is studied which by contrast to Fisher’s 
applies to small grains and long diffusion times. The model is also applicable to the 
description of the diffusion in and between blocks. 


2. The complete solution in expressions has been found for the problem: 
Ow 
ou 

u(0O, u(x, 0) = 0; 
W(x, ro, t) = You (x, w(x,r,0)=0. 


3. An approximate estimate of the limits of applicability of the model is given. 


4. The experimental data [5] are treated and the values for the diffusion coefficients com- 
pared with the data available in the literature. 


5. The prospects for the application of the methods are discussed. 


APPENDIX 1 
Let us solve the system of equations (13) with the method of the Laplace operator 


Ou 


with the boundary conditions: 


u(é, 0)=0, 
u (0, t) = Uo, 
Clon = = yu, 
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clo =9, (15") 
c(3, 9, 0) =0. 


Let us go over to expressions 


The boundary conditions are written: 


u(é, 0) =0, 
Uo 
u(0, 
Cleat = 
0, 
VOL 
Let us solve (23°) with the conditions (26°) and 


Substituting (27) and (24) we obtain 


1 
p(y’ pe) — exp (—v' Pp pdp (28) 


or after integration 


— 


If we put 


K(p) = Vp —— l= —1, 


equation (29) assumes the form 


- 2 
an 
u=svU. 


The solution of this equation for the conditions (25°) and (25”) will evidently be the function 


2 
Uo a 


~ 
pe= Op? ’ (23) 
1 
0? u 2 = 
0 


Diffusion in volume 


APPENDIX 2 


The general solution of the system (13) in expressions has the form 


2 
p+ K(p) 


a 


where 


This solution was applied to the treatment of the experimental data [5]. On the basis of 
experimental and literature data for dimensionless parameters the following interval of change 
was assumed: 

a= 105; D,~ — cm?/sec 
1 

The duration of the diffusion annealing t is taken to be on the average of the order of 
100 hr = 3.6 x 10° sec. The width of the boundary* a,=5- 107° cm. Yo = Yor ~ 0.3 x 1072 = 
3 107-7 cm **, Then 


197%. 


For such values of r the quantity p+ 1/r proves to be large. For large values of p, K(p) = 
Vp cth Vp —1 behaves as yp. 


It is appropriate here to note also that 
I 
lim K — p. 
(p) = 


It is not difficult to see that for any values of p, p <<(2 y /ay) K(p), therefore the ex- 
pression (16) is written 


21 
a 


VP (31) 


In this formula a small quantity stands in the exponent of the exponential. Making this 


proposition, one may write 
V V 2 yz 
exp ( YP Ypé (32) 


Thereby we place a definite limit on the depth of the penetration of the substance along 
the boundary. An estimate shows that it should not exceed several times 10 ro? this require- 
ment is fulfilled in the above mentioned experiments [5]. 


Going over to the original we get from (31) and (32) after substituting the numerical 


* Large grains (0.01-1mm) were specially grown for the experiments. 


** In Fisher’s [9] and other papers dealing with the same model it is assumed that a) = 5. 1078 
cm. To us the point of view of Arkharov and his collaborators [2] seems more correct. 
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values and dimensionless for dimensional quantities 
1/4 
2 D 
Up pia 


(33) 


This result, as was to be expected, coincides with Fisher’s solution [9] accurately to the 


constants. 


Let us go over to the determination of the concentration of the diffusing substance in the 


volume of the grain. 
Since p is a large quantity and p > 0, it follows from (18) that 
exp (y pp) + exp (— 
+ 
exp (yp )—exp(— yp) 
+ + = exp[Y — 


From (18) and (34) we obtain 


= yuexp[yp (p — 
Substituting in (35) 


we obtain 


exp [— 


The originals for these functions are: 


exp (— Bp) + ert —,wheref = | —p; 


exp(—B yp) ~ 


where I’ (a) is the gamma function. 


Multiplication of the expressions corresponds to the summation of the originals: 


1 
pia (— to 


Introducing a new variable, y= 4t/ 62, we get: 


t 
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1 


We denote B2/4r= u, 1/y = t; then 


Buy exp (— t) dt 


1 
u 
u 


It is obvious from the above that u is a large quantity. The B(u) branches at t = u, there- 
fore it is natural to look for its main value near t = u. 


If t= u+ x, where x<<u, 


B(u) = exp 


x? + ux 


1 x 
B (u) = exp (— +=) exp (— x) dx. 
0 


since x << u. 


B (u) = exp (— u) (— x) dx = exp (— u) (—- x) dx — 
0 


‘4 
exp (— u) exp (— x) x dx. 
0 


Bu) exp(—w) 4 4 
Then it follows from (38) and (40) that 


2 


The second member in the bracket 


hence, finally 
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Now resolving erfc 8/2 \/r with respect to the large argument and confining ourselves to 
the first members we finally obtain 


(2 y= 2) (42) 


An estimate shows that in application to the experiments [5] one may assume approximately 


(43) 


Going over to dimensional quantities we get instead of (33) and (43) 


The formulae (44) and (45) obtained after simplification make it possible for given or 
measured values of y,, rj), a, and t to determine D, and D, from the dependence of the con- 
centration of the diffusing substance on its depth of penetration. 


Let us take the relation for the concentration of the substance in the interior of the 
grain at varying distance from the boundary. It follows from (43): 


2 2 
r, Wy, Be 8} — 85 
Taking the logarithm of (46) 
2 2 
ial Bo — Bg 
— 1 = — — 


If we take the relation for the concentration at two near points we can regard In (r,, r>) 
as small compared with the other quantities in (47). We substitute 


Here x is the distance (along the radius) from the grain boundary to the centre of the 
grain. Then, substituting r = D, t/r2, we obtain 


w Xx. 
Ig — =log——0,1086 ———_ , 
We xy if 


whence, taking the density of the blackening as proportional to the concentration of the 
diffusing substance we obtain 


0, 1086 (*5 -- x7) 
(49) 


where D, is the coefficient of diffusion in the grain; x, and x, the depth of penetra- 
tion of the diffusing substance in two near points; a, and Sy the density of the blackening at 
these points respectively; t the duration of the diffusion. 


On the basis of (44) the graph 
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u 
—=1—Ax 
Up 


of the dependence of the concentration on the depth of penetration was constructed, where 


2 D 

(50) 
a 


Alongside with this 


(51) 
51 — Sq X1 


where x, and x, are the co-ordinates of two arbitrarily chosen points and s, and 8» the density 
of the blackening there. 
From (50) and (51), if D is known, we get finally 


1 ,32 Yo Vd, 


( Sim Sq ) 
Xg — S2 


= 


The expressions (49) and (52) make it possible to determine both diffusion coefficients 


from experimental data and a given value for aye 
Translated by B, Ruhemann, 
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X-RAY DIFFRACTION DETERMINATION OF DISPERSION OF 
STRUCTURAL CONSTITUENTS AND MICROSTRESS IN 
HIGH-COERCIVE Cu-NI-FE ALLOYS* 


B. Ya. 
"A.M. 


PINES and I.N. BARUTKIN 
Gor’kiy" Khar’kov State University 


(Received 17 May 1957) 


Structural changes during annealing alloys of the Cu-Ni-Fe system are 


determined by harmonic analysis of the forms of X-ray lines. 


It is shown 


that changes of magnetic characteristics are in conformity with structural 


changes recorded by X-ray diffraction. 


1. The Cu-Ni-Fe alloy systems in the high- 
coercive state** represent by their structure 
a mixture of two face-centred cubic phases 
Y; and _ sharply differing in magnetic 
properties [1]. In papers [2,3] and others it 
was shown that peak values of H, in Cu-Ni-Fe 
alloy systems are obtained only in a definite 
stage of disintegration of a homogeneous 
solid solution into the y,~ and y,-phases. In 
this connexion a supposition was expressed 
that the high vaiues of H, in Cu-Ni-Fe alloys 
are caused by internal tensions originated by 
volume changes in separation of and 
phases during the process of annealing. This 
hypothesis was experimentally confirmed in 
papers [4-6] in which it was established that 
in the course of annealing, within a definite 
range of concentrations, at first the meta- 
stable (but quite steady) tetragonally dis- 
torted phases y, and y, appear and then (for 
long duration of annealing) they change into 
equilibrium cubic phases y, and y,; in this 


* Fiz. metal. metallov. 6, No. 6, 1053-1060, 


1958. 


** With a content of 10-30% Ni, 
weight. 


10-30% Fe by 


***The phase Y4 corresponds to the composition 
Fe-Ni with a small admixture of Cu, the 
composition of Y,~phase is close to that 
of Cu. 


case the peak values of A, correspond to the 
structure with the tetragonal distortion. 
There are no grounds, however, for correlat- 
ing high values of H. in alloys of the Cu-Ni- 
Fe system only with the tetragonal distortion, 
because the more-or-less magnetically hard 
alloys of this system are found in the whole 
concentration field of two-phase alloys. 


In paper [7] certain Cu-Ni-Fe alloys were 
investigated by means of an electron micro- 
scope. The authors succeeded in proving that 
the alloys investigated had a fine grain dis- 
persive structure (average size of dispersed 
fine-grains ~~ 250 A) in their high-coercive 
state. They concluded that owing to the small 
particles of the y,- and y,-phases magnet iza- 
tion in the high-coercive alloys of the 
Cu-Ni-Fe system is accomplished only by rota- 
tion of the magnetizing vector. 


Obviously, the electron microscope method 
of structure analysis only permits the esti- 
mation of the extent of high-dispersion regions 
of heterogeneous structure and to some degree 
of the form of these regions. However, the 
questions concerning the composition of the 
high-disperse particles (belonging to one or 
other phase) detected by the electron micro- 
scope, the presence of microstresses, their 
distribution, gradient etc, remain open. 


In the present work X-ray diffraction study 
of structural characteristics of some alloys 
of the Cu-Ni-Fe system in relation to their 
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magnetic properties has been undertaken. The 
alloys of the following composition have been 
studied: 


1. Cu - 53%, Ni - 23%, Fe - 24%; 
2, Cu-61%, Ni - 22%, Fe - 17%; 
3. Cu - 50%, Ni - 25%, Fe - 25%. 


The method of harmonic analysis of the form 
of X-ray diffraction lines was applied for 
determining the degree of dispersion of 
structural constituents and microtensions in 
the above mentioned alloys. It is known 
[8-10] that the cause of diffusion of X-ray 
diffraction lines can be established and 
quantitative characteristics of structural 
features provided by Fourier coefficients of 
harmonic expansion of the photometric curves 
of the diffused lines (with the form of the 
non-diffused instrumental line taken into 
consideration) 


The X-ray photographs were obtained by 
means of a camera (diameter 114 mm) taking 
photographs of microsections rotated about 
the axis normal to the plane of the micro- 
section. The iron radiation of a fine-focus 
X-ray tube was used. The photographs were 
taken with nickel calibration which rendered 
it possible to follow changes in width of the 
instrumental lines and to determine more 
accurately the lattice parameters of the alloy 
phases. The X-ray photographs were taken 
directly after the thermal treatment so that 
any possible mechanical damage to the surface 
of microsections in the course of magnetic 
measurements was eliminated. 


The thermal treatment of specimens was 
carried out in a hydrogen atmosphere in an 
electric furnace. The specimens were quenched 
for 2 hr in water at a temperature of 20°C. 
The annealing of specimens was completed by 


* This method was successfully applied, for 
example, in paper [11] for determining 
microstresses in cold deformed metals, in 
paper [12] for the study of structural 
changes in the process of annealing a 
hardened steel and in other works. 
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soaking in oil. ** 


Magnetic measurements were made by the neck 
method. The peak magnetizing field was 4200 
oersted. This field was adequate for the 
engineering level of saturation for every 
specimen investigated. 


3. X-ray photographs obtained for various 
specimens of the alloy 1 are given in Fig. 1. 
In the X-ray photograph a corresponding to the 
specimen quenched from 1075°C the lines (311) 
and (222) are focused which display a well- 
separated K,-doublet. This indicates that the 
specimen has the structure of a homogeneous 
solid solution without noticeable distortions 
and disturbances of its coherent crystal 
lattice. The coercive force of the specimen 
is only 10 oersted. In the X-ray photographs 
b and c, for specimens annealed for 5 and 
30 min respectively at a temperature of 675°, 
the lines are strongly diffused and in the 
roentgenographs d, e, f, for specimens sub- 
jected to annealing at the same temperature 
for 1.5, 3 and 6 hr respectively, the separa- 
tion of the (222)-line into two lines is found 
which indicates a heterogeneous structure of 
these specimens. In Table 1 coercive forces 
and crystal lattice constants a) are given 
as well as ratios of the intensities of (222)- 
lines of the y,- and y,-phases (1,/I,) for 
alloy 1. 


As can be seen from Table 1 the difference 
between crystal lattice constants of y,- and 
y,~Phases increases with the duration of 
annealing, that is, a redistribution of con- 
stituents takes place within the phases in 
the course of annealing. In all probability 
the alloy is also in a heterogeneous state 
when the duration of annealing is short and 
before the noticeable separation of diffrac- 
tion lines into two occurs but the lattice 
constants of the y,- and y,-phases differ so 
little that the lines corresponding to these 
phases appear as one (Fig. 1, b-c). 


** Owing to the small volume of the hydrogen 
furnace it was possible to open the fur- 
nace door under cover of a hydrogen flow 
for removing the specimen at temperatures 
of 500-1100°C; it caused but a weak flash. 
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TABLE 1. 


Index 
of Conditions of 
specimen thermal treatment 


Crystal-lattice 
constant 
He, Qo,» 


oersted 


Quenching from 1075°C in 
water at 20°C. 


3,580 


Quenching from 1075°C + 
annealing at 675°C for 5 min. 


Quenching from 1075° + 
annealing at 675° for 30 min. 


| 
| 
| 
| 


Quenching from 1075°C + 


annealing at 675°C for 1.5 hr. 


annealing at 675°C for 3 hr. 


| Quenching from 1075°C + 


Quenching from 1075°C + 
| annealing at 675°C for 6 hr. 


In initial stages of decomposition when 
lattice constants of decomposition phases do 
not differ much it can be assumed as a rough 
approximation that the diffusion of diffrac- 
tion lines observed (Fig. 1, b) is condition- 
ed either by the distortion of the crystal 
lattice or by the fine-dispersion effect of 
coherent regions or by both. 


The ‘form’ (photometric curve) of the 
diffraction line (311) in roentgenograph 6 
was subjected to harmonic analysis. The (311)- 
line of roentgenograph a was adopted in this 
case as the instrumental line. 


Using coefficients of harmonic expansion 
of the photometric curves of the above lines, 
the Fourier coefficients (A,) of the curve of 
real diffusion were found by means of known 
formulas [10]. 


In Fig. 2 the curve A(t) is given for the 
specimen B, The relationship between A, and ¢ 
(t is the index number of the coefficient) 
shows that the diffusion of the (311)-line in 
this case is mainly due to the fine-dispersion 
of coherent regions because dA,/dt | # 0 and 
the A(t) curve for small t is nearly a 
straight line (compare [9,10]). The average 


size of the coherent dispersion regions was 
found from the slope of curves A(t) to the 
abscissa for t = 0[10]. The size of the fine- 
dispersive coherent regions for specimen B 
was 140 R, microstress insignificant. 


Thus, in alloy 1 small coherent regions 
appear in the initial stage of annealing, in 
all probability unit cells of the y,- and y,- 
phases. Evidently no separation of the y,- and 
Y,~Phases occur as yet because they differ littl 
in concentrations (hence in magnetic properties) 
and in consequence the magnetization in this 
case will proceed by displacements of inter- 
domain boundaries (and not by rotation of the 
magnetizing vector); this just explains a com- 
paratively small value of H, in the specimen. 


As has been already mentioned the differ 
ence between lattice constants of the y,- and 
Y,~Phases increases with the duration of 
annealing and in consequence the "form" of 
diffusion of the diffraction lines in the 
diffraction photograph c (Fig. 1) will be more 
or less distorted by overlapping lines of the 
y,7 and y,-phases. The determination of struc- 
tural characteristics using coefficients A, 
of such a distorted line may result in con- 
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(311) (311) (311) 
calibrated calibrated calibrated 
(222) (222) (222) 


b 


(311) (311) (311) 
calibrated calibrated calibrated 
(222) (222) 


2 J 


d 


FIG. 1. Roentgenographs of specimens of alloy 1. a. Quenching from 1075°, b- annealing at 675° 
for 5 min, c- annealing at 675° for 30 min, d- annealing at 675° for 1.5 hr, e- annealing 


at 675° for 3 hr, f- annealing at 675° for 6 hr. 


Fee 
FIG. 2. Expansion coefficients A, for specimen 
B of alloy 1. 
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FIG. 3. Separation of the resultant photo- 
metric curve of the K,, line (311) of the 
roentgenograph f (Fig. 1). 

P(f) is the resultant experimental curve; 
P’(p) is the resultant curve corresponding to 
K_-radiation; 

fr) is the curve corresponding to the y,- 
phase. = P’ + ho P(p- 55), Ky = 0.5, 
5, = 0.44 mm, = f° + 8), k= 
0.75, 5 = 1.1 mm, 


siderable errors. 


The separation of the resultant photometric 


curve, corresponding to two overlapping lines, 
is possible if relative intensities of these 
lines and angular distance between them are 
known. These quantities were experimentally 
determined for specimens D, EF, F of alloy 1 
(see Table 1) by corresponding roentgenographs. 
The separation was accomplished graphically 

as follows: 


It is assumed that curves corresponding to 
the ¥° and y,-phases are of the same form 
and differ only in intensity (this was experi- 
mentally confirmed for the specimens on the 
roentgenographs of which a full separation of 
lines of the y,- and y,-phases was found). 
Then for the resultant photometric curve the 
following equation holds: 


P (9) =f (9) +«f(~—8), (1) 


where 5 is the angular distance between maxima 
of diffraction lines of the y,7 and y,-phases, 
k is the relative intensity of the right-hand 
side line. After establishing the end points 
of the curve P(¢), the curve may be regarded 
according to (1) as coinciding with the curve 
f(f) along the segment 5 adjoining the left 
end and with the curve k f (¢@—- 5) along the 
segment 5 adjoining the right end. The curve 
k f (6-5) can be separated from the curve 
f($)* by placing the origin of coordinates at 
the left end of P(¢), plotting equal seg- 
ments 6 along the abscissa and subtracting 


* This method of separation was suggested by 
I. V. Smushkov. 


| € 
Ae 
10 
Obs 0,6 
958 
0,2 


Microstress in high-coercive Cu-Ni-Fe alloys 


the ordinate of P(d) at point dy divided by 
k, from the ordinate at point 5 + ¢, etc. 


In Fig. 3 the separation of the resultant 
photometric curve of the line (311) of the 
roentgenograph f (Fig. 1) is given. The sepa- 
ration of the curve corresponding to the 
phase Y> was done in two stages. At first the 
curve to the K,,-radiation 
was separated and then the curve fi(d) sought. 
Such a two-stage separation of the curve 
pi(h) increased the accuracy of the graphical 
method applied because in thefirst stage of 
separation the ends of the curve P(¢)** were 
more accurately determined, and in the second 
stage the values of k and 6 were corrected 
proceeding from the requirement that the curve 
fi () sought must turn to zero at a distance 
5 from the right end of f1(f) and be symmetric- 
al in relation to the vertical axis passing 
through its maximum, 


The curves ¢'(¢) for the specimens D, E, F 
separated by the method described were sub- 
jected to harmonic analysis. The curve con- 
cerning the K,.,-Tadiation separated by the 
same method from the photometric curve of the 
line (311) of the roentgenograph a was assum- 
ed as the instrumental curve. The harmonic 
expansion of the "diffused" curves and of the 
instrumental curve was carried out at inter- 
vals of 4.8 mm every 0.1 mm and also at inter- 
vals of 9.6 mm every 0.2 mm. The expansion in 
two intervals renders it possible to obtain 
nine reliable Fourier coefficients instead 
of (approx.) six in a one-interval expansion 
[10] and thus to raise the accuracy of plott- 
ing the curves A,(t). In Fig. 4 the curves 
A,(t) for specimens D, E, F of alloy 1 are 
given. The relation between coefficients A, 
and t indicates that the vis and y,-phases in 


these specimens are fine-dispersive and there 
is a distortion of the crystal lattice (thus, 
the diffusion of curves f1(¢) is conditioned 
by two effects simultaneously: the fine-grain 
dispersion and micro-deformation). The aver- 
age size of crystalline particles of the de- 
composition phases in specimen D is 190 &, in 
specimen E - 340 K and in specimen F - 580 A, 
that is, a coagulation of particles of the 
y,~ and y,-phases is found in the process of 
annealing. 


For calculating micro-deformations it is 
necessary to separate from coefficients A, 
the factors AY which correspond only to the 
effect of the micro-deformation of the crystal 
lattice. For determining the quantities AY 
the simplest assumption was made on the iso- 
meric state of coherent dispersive regions, 
that is, the linear relation between coeffi- 
cients Ae, corresponding to the fine disper- 
sion, and t was assumed, with the angular 
coefficient taken from the resultant curve 
A,(t) at the point t = 0 (as it is known [10], 
A,= A’), Relative values of micro-de- 
formation are given in Table 2 as calculated 
by coefficientsA? (using known formulas [10] ), 


It is clear that in the process of anneal- 
ing the average quantity of micro-deformation 
of the crystal lattice of the decomposition 
phases at first increases, due to the coagula- 
tion of particles of the separated phases y, 
and y,, and then decreases probably as an 
effect of relaxation. 


Similar results are also obtained for the 
other alloys in question. In alloy 2, to the 
state of maximum coercive force of 420 oersted 
corresponds a very fine-disperse two-phase 


TABLE 2, 


Specimen 


Relative micro-deformation 
(e - 10%) 


2.3 


** Since k 65 are accurately known (k = 1/2, 


6 


9 can be calculated). 


structure with the size of particles of the 
y,~ and y,-phases being only 130 &. This state 
of alloys is obtained by annealing for 50 min 
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at 675°C. Longer annealing up to 1.5 hr leads 
to the growth of particles in the y,- and y,- 
phases with a drop of coercive force to 315 
oersted. The micro-deformation of the lattice 
in the first case is insignificant and in the 
second case it amounts to 1.6 x 107’, 


Cooling of alloy 3 from 1075° C at a rate 
of 2°/min results in a coercive force of 40 
oersted. In this state of the alloy the 
diffraction lines related to the y,- and y,- 
phases have a small diffusion. The analysis 
of the form of the (222)-line of the Y,~Phase 
proved that in this case the diffusion of the 
lines was caused only by micro-deformation, 
the relative deformation being equal to 1.4 x 
10-7, The size of particles of the decomposi- 
tion phases of the specimen exceeds 107A, 


Thus, to a high-coercive state of the Cu- 
Ni-Fe alloys investigated corresponds a high- 
degree of dispersion of particles of the Y,7 
and y,-phases. In Fig. 5 H, as a function of 
the average size of coherent regions L is 
shown for heterogeneous specimens of alloys 
1 and 2, It is evident that H, decreases 


linearly with growing L, that is, the coercive- 


force diminishes by the coagulation of 


crystalline particles of the y,- and y,-phases. 


On reaching peak values of Ho the pases Y1 
and Y> have the largest difference in concen- 
tration (maximum difference of lattice con- 
stants); during the coagulation of particles 
of decomposition phases the concentration of 
phases practically does not change. Evidently, 
with the increased distinction in concentra- 
tions (that is with increase in difference of 
the lattice constants) the distinction of the 
phases by their magnetic properties increases; 
the phase y,, rich in copper, impoverished in 
iron and nickel becomes magnetically weak 
(paramagnetic) and in the ferromagnetic phase 
Yue impoverished in copper, the saturation 
magnetization increases, 


Thus, the fine-dispersion of isolated mag- 
netic particles of the y,-phase is the 
principal condition for obtaining high values 
‘of H, in alloys of the Cu-Ni-Fe system. With 
such a structure of alloys the remagnetiza- 
tion in them will be accomplished by the 
rotation of the magnetizing vector. With the 


At 
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FIG. 4, Expansion coefficient for specimens of 
alloys 1, f-annealing at 675° for 1.5 hr. 2- 
annealing at 675° for 3 hr. 3-annealing at 
675° for 6 hr (1%, 2’, 3” are tangents to the 
curves 1, 2, 3 at point t O respectively. 
Coefficients A, correspond to the K,47curve of 
intensity distribution of (311)-line of the 
Y2~phase. 
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FIG. 5. Relation between H., and the average 
size of "coherent regions" for alloys of the 
Cu-Ni-Fe system, 

o-alloy 1, X-alloy 2. 


mechanism of remagnetizing, the microstresses 
should affect the value of H, [1]. It does 
not seem possible to explain the high values 
of H, in the Cu-Ni-Fe alloy systems by the 
microtensions alone, because the tensions are 
small and for some highly coercive specimens 
insignificant. It is natural to assume that 
the crystalline particles of the decomposition 
phases of the highly-coercive alloys possess 
a high anisotropy of form**, This was 
confirmed in work [7] for a number of alloys. 


** Natural anisotropy in Cu-Ni-Fe alloys is 
very small (k~ 10? erg/cu cm), hence it 
cannot substantially affect the quantity 
of H 
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The highest values of H, in the alloys in- 
vestigated were obtained for crystalline 
particles of 130-200 A in size. The high- 
coercive domains of alloys of the Cu-Ni-Fe 
system are probably of the same size. 


The results of the present work concerning 
the size of fine dispersed particles in alloys 
of the Cu-Ni-Fe system coincide with the re- 
sults of investigation [7] of this system when 
the size of particles was determined by means 
of an electron microscope. 


CONCLUSIONS 


1. The change of coercive force in alloys 
of the Cu-Ni-Fe systems in annealing is 
accompanied by change of width of X-ray 
diffraction lines. 


2. In the initial period of annealing the 
diffraction lines strongly diffuse owing to 
finely-dispersive coherent regions of size 
100-150 A appearing in the alloys. Micro- 
stresses in this state are insignificant. 


3. The small coherent regions differ little 
as yet in composition (their lattice constants 
practically coincide) and form unit cells of 
the phases y, and Yo 


4. A longer duration of annealing leads to 
the separation of y,- and y,-phases (redis- 
tribution of constituents between the phases 
takes place) accompanied by splitting of every 
line of the diffraction photograph into two, 
During this period micro-deformations are en- 
larged and reach an appreciable value of 
~2.107? and certain growth of the crystalline 
phases y, and y, are found. 


5. Peak values of H. are reached when the 
difference in compositions between the y,* 
and y,-phases (according to lattice constants) 
is the highest and at the same time the phases 
are fine-dispersive. The size of crystalline 
particles of the ¥,° and y,-phases is appro- 
ximately 200 A. 


6. Further duration of annealing leads to 


the coagulation of particles of the decomposi- 
tion phases accompanied by a drop of Ha 


7. The remagnetization in highly coercive 
alloys of the Cu-Ni-Fe system should be ac- 
complished by rotation processes owing to the 
fine-dispersion and magnetic isolation of 
structural constituent. Anisotropy of the 
form of dispersive particles has a decisive 


effect on the value. 
Translated by B. Cynk. 
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ON THE DETERMINATION OF THE ENERGY OF VACANCY FORMATIONS 
AND THEIR NUMBER IN PURE METALS* 


S.D. GERTSRIKEN and B.F. SLYUSAR** 


(Received 2 July 1957) 


The energies of vacancy formations, E,. for gold, copper, silver, 
aluminium, zinc, lead, cadmium and tin were determined by a method involy- 
ing measurements of electrical resistance in a wide temperature range, as 
well as by a dilatometric method in the cases of aluminium, zinc, lead, 
tin and cadmium, The values for Ey obtained by the two methods for each of 
the investigated metals agree satisfactorily with the available experimental 
and theoretical results for a few of the above metals. 


It has been shown that for certain metals Fd/E .4 = 1/3, where Ewa 
activation energy of self diffusion. The pre-exponental multiplier x has 
been calculated for the metals under investigation in the Frenkel’ equation 
[ a4, n/N = x exp (— E ,/RT) where n=number of vacancies at temperature 7, 
N= number of atoms in the crystal. For the metals under investigation the 
appropriate number of vacancies near the melting point and the specific 
resistance per 1 per cent vacancies has been worked out. 


The study of the phenomenon of vacancy formation evokes an ever-increasing scientific in- 
terest nowadays. This is due to the fact that the possibility of transfer of atoms in a 
crystalline lattice , as explained by the contemporary theory for solid bodies is most fre- 
quently due to the presence of thermal vacancies, i.e. those arising during the temperature 
rise in the crystal, or forming in any other way (by irradiation with rapid particles, by de- 
formation etc.). By studying the phenomenon of vacancy formation and atomic mobility, the 
mechanism of self-diffusion and diffusion into one another, as well as the relationship 
between the energy of vacancy formation Ey and the activation energy of self-diffusion E oa 


[2], can be established. 
There exist several methods for the determination of the energy of vacancy formation. One 
of them is a method involving measurements of electrical resistance, p, of metals and alloys 


in relation to temperature. As shown by Frenkel’ [1,3], the concentration of vacancies in the 
crystal depends on the absolute temperature, 7, and the energy of vacancy formation in the 


following way: 


(1) 


where n= number of vacancies, N = number of atoms, R= gas constant. The lattice vacancies 
formed at a sufficiently high temperature behave like impurities, causing an additional dis- 
persion of electronic waves, which leads to an additional electrical resistance which is 


* Fiz. metal. metalloved. 6, No. 6, 1061-1069, 1958. 


** A few measurements were carried out by the students N. Novikov and V. Shiyanovskii. 
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proportional to the vacancy concentration. 


It has been shown in theoretical papers [4,5] that the electrical resistance of metals is 
a square function of the absolute temperature. However, in the region of sufficiently high 
temperatures, a deviation of the experimental electrical resistance curve from the theoretical 
is observed, the former increasing at a greater rate than the latter. It is thought [5,6] that 
this additional increase in resistance Ap is due to the formation of vacancies in the lattice, 


and can be expressed by 


dp = Dexp(—=4), (2) 


where E, = energy of vacancy formation, D = constant multiplier. Thus, the dependence of the 
electrical resistance p on temperature T can be expressed by the equation 


om A +BT +CT? + Dexp( (3) 


where A, B, C and D are constants. 
At relatively low temperatures the last member of the equation (3) can be ignored. Then the 


constants A, B and C can be determined from the low temperature portion of the experimental 
curve p = f(T). Calculating 


= A+ BT + CT? (4) 


Peale 


for high temperatures and comparing Punté with the experimental value of the electrical resist- 


ance p , we find 


exp 


E E' 
AP = — Pealc™ DexP = or InAo = const — (5) 


From the angle of inclination of the straight line obtained from this relationship, the energy 
of vacancy formation can be calculated. 


The method described for the treatment of the experimental relationship p = f(T) was applied 
by Meechan and Eggleston [6] for the determination of the energy of vacancy formation in gold 
and copper. This work was exposed to criticism [7], which we think has insufficient foundation 


[4]. 


We applied this same method for the determination of the energy of vacancy formation in 
gold (99.99 per cent), copper (99.99 per cent), silver (99.99 per cent), aluminium (99.995 per 
cent), lead (99.995 per cent), zinc (99.98 per cent), cadmium (99.99 per cent), and tin (from 


the Kal’ baum establishment). 


For the measurement of electrical resistance, specimens were used, made in the form of wire 
of 0.1-1 mm diameter and 25-150 cm length, obtained by drawing through a draw-plate. Zinc 
specimens were made by drawing the fused metal through glass capillaries. After being made the 
specimens were annealed for 2-3 hr at fairly high temperatures and subsequently furnace-cooled 


to room temperature. 


The electrical resistance of the specimens was tested in a special apparatus, described in 
[8]. In order to avoid a temperature gradient along the specimen, and also to ensure agreement 
between thermocouples (achromel-alumel thermocouple was used) and the actual temperature of 
the specimen, a special massive copper block was used as temperature adjustor. Besides, in the 
testing of electrical resistance, the specimens together with the adjustor were in an argon 
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atmosphere (~ 100-200 mm Hg). The resistance measurement was carried out only after the de- 
sired temperature of the specimen had been attained, and after soaking the specimen at that 
temperature for 15-30 min. 


The values of the energy of vacancy formation thus obtained are given in Table 2, J 


In Table 1 average experimental values of the electrical resistance of cadmium for a wide 
temperature range are given as an example, also the value of the electrical resistance is 
given as calculated in accordance with (4). In the last column of this table the difference 
between experimental and calculated values of the electrical resistance are given. 


TABLE 1. 
Temperature dependence of the electrical resistance of cadmium. Specimen length! = 148.2 cm. 


diameter d= 1 mm; A 0,0023 ohm. B = 4,3 - 10—‘ ohn; degree™ ; 
C = 1,54 - 10—7 ohm. degree* 


Pexy, sim Poalc, Ap 10° = — Peale, 


1138 


1138 


+101 


+116 
+13! 


In Fig. 1 graphs for the relationshiplogAp= f(1/T) for aluminium, lead and zinc, and in 
Fig. 2 for gold, copper, silver, tin and cadmium are given. 


As can be seen from these drawings, the dependence of logAp on 1/T has a linear character 
through a wide temperature range. 


It should be noted that the constant A in equation (3) has a dimension of resistance and 
must be equal to the residual resistance of the specimen at 0°K. However, by treating the 
experimental electrical resistance curves by the square function of (4) we obtained negative 
values for A for all investigated metals, except gold and zinc. This, in our opinion, may be 
due to the fact that equation (4) cannot be applied to all metals at low temperatures, when 
the dependence of electrical resistance on temperature is subject to a different law. Apart 
from the method described for the determination of the energy of vacancy formation from the 
continuous curves p = f(T), there exist also others [9-12]. But the dilatometric method which 
enables not only the energy of vacancy formation, but also the number of vacancies to be de- 
termined, is a more direct method. Its principle is the following: if it is assumed that a few 


units of the crystal lattice free themselves of atoms (vacancies form) as a result of thermal 


105 
—50 0 —! 
—25 0 || 0 
OL. 0 0.1264 1266 —2 
5 25 0.1393 1395 —2 
958 50 0.1527 1526 +1 
75 0.1661 1659 +2 
100 0.1795 1795 0 
125 0.1932 1932 0 
150 0.2075 2071 +4 
175 0.2225 0.2112 +13 
200 0 :2380 0.2355 +25 
210 0.2442 0.2413 +29 
226 0.2505 0.2471 +34 
230 0.2571 0.2530 +41 
240 0.2637 0.2588 449 
250 0.2704 0.2647 +57 
260 0.2773 0.2704 +69 
270 0.2844 0.2766 +78 
280 0.2915 0.2826 +89 
290 0.2987 0.2886 
300 9.3062 0,2946 | 
0.3138 0.3007 
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movement, and these liberated atoms form new cells, then the volume of the body (and the linear 
dimensions) will grow not only due to the heat oscillations of the atoms, but also due to new 
cells. It is assumed that the length of the specimen changes for these two reasons according to 
the law 


_ 

+g x exp ( (6) 
where Ly = initial length of the specimen, |, = length of the specimen at temperature t°C; 
T = absolute temperature; A, B, C and x = constants. Here, as in the preceding method, the last 
member plays a noticeable role only at relatively high temperatures, when a sufficiently great 
quantity of vacancies form, Having determined the constants A, B and C from the data of thermal 
expansion at relatively low temperatures, and having calculated for higher temperatures 


(+) =A+ BT +CT?, (7) 
/calc 
it is possible for the difference between the experimental and calculated value of (1,/1)) to 


be found. 


(FO +10 
128 S Ag 
2214 20 25+ NCu 
NSN 
2: 27 \ | Ca 
710" 
FIG. 1. Dependence of log Ap on 1/T for Al, FIG. 2. Dependence of log Ap on 1/T for Au, 


Pb and Zn. Cu, Ag, Sn and Cd. 


(8) 


It is evident that 


(9) 


where v = volume occupied by the vacancies and V = volume occupied by atoms. It is assumed 
that the volume of a vacancy = the volume of an atom. Having found the relationship log3 A= 
f(1/T), it is possible for the energy of vacancy formation to be determined from the angle of 
inclination of the straight line obtained from it. We have determined the energy of vacancy 
formation of aluminium, lead, tin, cadmium and zinc of the above indicated purity by a dilato- 
metric method. The measurements were carried out with the help of a dilatometer, the working 
principle of which is described in [13]. The increase of the dilatometer was about 4x 107, As 
it is difficult to take into consideration all causes of errors associated with the geometrical 
dimensions of the parts of the dilatometer, we decided not to determine directly the elongation 
of the specimen Al according to the formula Al = s/y, where s = number of divisions of the 
dilatometric scale, and y = increase, and we carried out a calibration of both sections of the 
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dilatometer. Two silver specimens (99.99 per cent purity, length 1, = 21.085 mm, lL, = 21.105 mm) 
were used as standard. Data regarding the expansion of silver were taken from [14]. When the 
length of the investigated specimens differed somewhat from the length of the standards, an 
appropriate correction was made in the determination of (l/l expe 


The specimens were made by the same method as those for the measurements of electrical 
resistance, and had the shape of cylindrical rods of 20-25 mm length and approximately 3.6 mm 
diameter. After being made, the specimens were annealed for 2-3 hr at a fairly high temperature, 
and then slowly furnace-cooled to room temperature. 


Heating of the specimens during the measurement of expansion was carried out in a vertical 
furnace, inside which a metallic tube was placed in order to even out the temperature. The 
temperature was measured by a chromel-alumel thermocouple, the hot junction of which was 
Placed between quartz tubes. The specimens were inserted in the tubes. Measurements were taken 
after the specimens had been soaked at a given temperature for 15-60 min, which is essential 
at relatively low temperatures. 


The values obtained for the energy of vacancy formation after treatment of the experimental 
data, are given in Table 2. In this table the values marked with asterisks were obtained from 
data [2] from the angle of inclination of the straight line log3 A= f(1/7). 


TABLE 2. 


Comparison of results. The energy is expressed in K cal/g-atom 


—mean | Esyp) 


Esa 


0.344 91 
0.314 81.4 
0.332 68.5 
0.322 73.9 
3.386 46.9 
0.376 30.6 
0.486 26.7 
78 


Copper 
Silver 
Aluminium... . 


1 
] 


— 


As an example, experimental results regarding expansion of cadmium, (li /lydey » as well as 
the value for (l/l cate. calculated according to formula (7), are given in Table 3. The 
difference obtained according to (8) is given in the last column. 


In Fig. 3 the dependence of log3 A on 1/T for aluminium and zinc, and in Fig. 4 that for 
lead, tin and cadmium, is given. From the drawing it can be seen that the points are well 
placed on the straight line in a wide temperature range, which confirms the exponential growth 
of 3 Awith temperature increase according to equation (9). 


Let us compare the values for the energies which we obtained by using two different methods 
(Table 2). When comparing the values in the second column of the Table (obtained by measuring 
the electrical resistance) with those of the third column (obtained dilatometrically), we can 
see that within the limits of accuracy of these two methods ( + 1K cal/g-atom) the values for 
the energy of vacancy formations coincide with the exception of zinc, for which the discrepancy 
slightly exceeds the experimental error. 


Meechan and Eggleston [6] obtained Ey = 15.4 K cal/g-atom for gold, with which our results 
agree very well, and for copper, Ey = 20.7 K cal/g-atom, which does not differ too greatly 
from our results. We also observed a satisfactory agreement between our results for gold, 
copper, silver and aluminium with the results of [2]. 


TOL. 
6 eee 
15.5* | 15.95 46.4 0.18 
15.0* | 15.95 50.7 0.20 
| 14.90 | 44.8 0.92 
11.2 | 12.05 37.5 0.16 
10.6 | 10.2 26.4 0.22 
Cadmium. .... 9.6 18.6 0.34 
10.7 10.65 | — 0.14 
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TABLE 3. 


Data for expansion of cadmium. 
A = 0,992829, B= 2,6-10-°degree C=1.- 107° degree@ 


ly /exp \ lo /cale 
| 
000600 
.00U668 
.001332 
.001998 
.002666 
.003336 
.004005 
.004682 
.005448 
.005738 
.006056 
.006345 
. 006666 
.006975 
.007295 
007625 
. 007958 
.008303 
008655 
.©09030 


.000001 
.001331 
.001998 
.002C66 
.003335 
.004005 
.G04678 
.005351 
.005620 
.002890 
.006 157 
.006440 
.006700 
.00697 1 
.007242 
.007513 
.007784 
008055 
.008326 


In [11] it was shown that the energy of vacancy formation is approximately 1/3 of the acti- 
vation energy of self diffusion. In Table 2 the mean values for the energy of vacancy forma- 
tion, as obtained by us, are indicated. Here are also indicated the mean values of the energy 


FIG. 3. Dependence of log 3 A on 1/T for Al FIG. 4. Dependence of log 3A on 1/T for Pb, 
and Zn. Sn and Cd. 


of self diffusion obtained by averaging the results of many authors. 


As can be seen from Table 2, the relationship Ey = 1/3 E ea is fairly well satisfied for all 
investigated metals, except cadmium. 


For tin the self-diffusion results [15] give E od = 10.5 K cal/g-atom along axis a and 5.9 K 
cal/g-atom along axis c, and creep results give 22 K cal/g-atom for a temperature of about 
130°C [16]. Therefore, it is difficult to judge the relationship between the energy of vacancy 
formation and the activation energy of self diffusion for tin. Let us compare the energy for 
vacancy formation with the sublimation energy. It was shown by the author of paper [17] that 
the activation energy of self diffusion Fea 2/3 Rint. for a whole series of metals. As long 
as E, = 1/3 E.4 for the metals investigated by us, then E,= 2/9 Esypb] ° Im Table 2 values for 
the sublimated energy of investigated metals as taken from [17], and the ratio of the energy 
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of vacancy formation to the sublimation energy are given. 


As we can see, this ratio for metals having a face-centred cubic lattice is close to 
2/9 = 0.22. For zinc and cadmium, which have a hexagonal lattice, this ratio ~ 0.3. 


It should be noted that there exist a few papers in which the energy of vacancy formation 
was determined from the residual electrical resistance of specimens, which had been quenched 
from temperatures sufficiently high for the formation of a considerable number of vacancies 
[9, 10, 18-20]. This residual resistance, being a function of the quenching temperature, is 
due to the presence of vacancies fixed by quenching. The values for the energy of vacancy 
formation, obtained by this method, are given in Table 4. 


TABLE 4. 
Energy of vacancy formation for gold, platinum and aluminiun, 
obtained by the quench method. 


Eq K cal/g-atom 


| [9] 
[10] 
[19] 
[9] 
[13] 


[20] 


© 00 
Wh 


Platinum 


— 
~ 8 


Aluminium 


4. 


The energy of vacancy formation for gold and aluminium, obtained by quenching, is consider- 
ably greater than that obtained by us and others. Van Bueren [21], Dexter [22], and Meechen 
and Brinkman [12] think that in quenching, pair vacancies dre formed which may lead to an in- 
creased value for the energy of vacancy formation. 


Let us also mention that Fumi [23] and Seeger and Bross [ 24] have worked out theoretically 
the energy of vacancy formation in gold, copper and silver, which satisfactorily agrees with 
experimental results. These results are given in Table 5. 


It is interesting to estimate the relative number of vacancies in the neighbourhood of the 
melting point (in the solid phase). For this, knowing the energy of vacancy formation, it is 
necessary to determine from equation (9) the pre-exponential multiplier x, which in Frenkel’s 
theory is assumed to be unity. 


TABLE 5. 


Theoretical value of Ey for gold, copper and silver. 


Lit. source Ag 


[23] 13.8 
[24] 21.2 


Further, knowing the melting point 7,,, it is possible to determine the relative number of 
vacancies in the neighbourhood of the melting point (n/N)T, 1, in a solid phase according to the 
formula 
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= ( (9,.a) 


pl 


The values for x and (n/N)T, 1 thus obtained are given in Table 6. From this it can be 
seen that the relative number of vacancies at the melting point (n/N) Ti, for all metals in- 
vestigated by us, lies within fairly narrow limits, of the order of 0.1-0.3 per cent. 


TABLE 6. 


n 
Value of x, es andpy, aS calculated from experimental 


! 
results. 


CM 
Metal N |Tp1 Po 1% vacancy 


pro 
Rt 


WWH WWD 


From our results it is possible to determine the specific resistance Po» per 1 perccent of 
vacancies in various metals. For this it is necessary to work out, according to formula 9, the 
relative number of vacancies (per cent) for any sufficiently high temperature. Further, for 
the same temperature, the additional resistance Ap must be worked out from the linear rela- 
tionship lg Ap = f(1/T). This additional resistance is due to the given relative number of 
vacancies. Knowing the geometrical dimensions of the specimen, it is possible to work out its 
specific resistance per 1 per cent vacancy (Table 6). 


Table 7 gives the value of p, for copper, gold and silver as calculated theoretically 
[ 25-28]. The experimentally-obtained values for the specific resistance per 1 per cent vacancy 
are considerably greater than those calculated theoretically for gold, copper and silver, 
although they coincide with these last as regards order. The high specific resistance for lead 


seems odd. 
TABLE 7, 


Theoretically calculated specific resistance pp, 
cm 
per 1% vacancy {——————— 
1% vacancy 


Elements 


Lit. source rw 


—0.06 
5 
4 


(25) (26) | 0.04 
[27] 
[28] I 


5 


Similar measurements were carried out by us on binary silver and zinc base alloys, where 
the second component is only a small addition (up to 1 at. %), The energy of vacancy formation 
decreases as compared with the base metal, and the relative number of vacancies (near the 
melting point) increases. Translated by G. Isserlis. 
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INFLUENCE OF CHROMIUM ON THE HARDENING AND SOFTENING 
OF NICKEL* 


M.P. ARBUZOV and M.P. KRULIKOVSKAYA 
(Received 18 July 1957) 


In this work the change of a fine crystalline structure ( A a/a, D) and 


hardness Hp of nickel-chromium alloys in the hardened state and during 


temperature, 


softening in the course of heating, have been studied. 


The curves of the dependence of the change Aa/a, D and “2, on heating 


have been obtained. By comparing the above curves, 


conclusions 


were made about the influence of chromium on the processes of hardening and 
softening of nickel, and the relationship between the fine crystalline 


Lately, a considerable number of investi- 
gations have been carried out concerning the 
elucidation of the nature of the phenomenon 
of hardening and softening of alloys [1,2]. 
The results of these investigations have 
shown that in order to understand the nature 
of the phenomenon, it is necessary to study 
the fine crystal structure of metals and 
alloys in the hardened state, and during 
softening in the course of heating. 


Up to the present time, the fine crystal- 
line structure of ferrite and its alloys has 
been studied the most. It would be of interest 
to carry out similar investigations on metals 
having a face-centred cubic lattice, and 
their alloys. 


Alloys based on metals with a face-centred 
cubic lattice, and in particular nickel alloys 
are widely used in industry as heat resistant 
and refractory materials. Hence a study of 
such a crystal structure and of the mechanical 
properties of these alloys is of particular 
interest. It was appropriate to carry out a 
series of such investigations, studying the 
fine crystal structure and mechanical pro- 
perties of pure nickel and some of its alloys, 
hardened by deformation, and softened in the 
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structure and the hardening of the alloys, 


is considered. 


course of heating. 


The aim of the present work was to invest- 
igate the fine crystal structure (degree of 
distortion of the second order, dimensions of 
mosaic blocks) and the hardness of Ni-Cr 
alloys, as hardened and during the process of 
softening. 


The study of the fine crystal structure 
was carried out by an X-ray method using the 
width of the X-ray photogram. The hardness 
Hp, was tested on a Rockwell machine with a 


diamond cone indenter at a load of 60 kg. 


For the investigations for Ni-Cr, alloys 
were used with a chromium content of 3.87, 
7.65, 14.43 and 18.90 per cent. 


In order to obtain the hardened state, the 
specimens of the alloys under investigation 
were deformed by 80 per cent by compression 
in a press. Softening of the alloys was en- 
sured by heating them in a salt bath to tem- 
peratures of 400-850°C, soaking them at those 
temperatures for one hour, After heating the 
specimens were cooled in air. 


X-ray photographs for hardened as well as 
softened specimens were obtained by irradia- 
tion in a camera of 150 mm drum diameter. The 
specimens were rotated during exposure. 
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Photometering of X-rays was carried out in a 
microphotometer MF-2 at a magnification of 21. 
From the results of photometering, distribu- 
tion curves of blackening intensity along the 
line were constructed. The width of the line 
was determined as quotient from the division 
of the area of the blackening curve to the 
height of the maximum, The average width ob- 
tained from several blackening curves was 
taken as the absolute width of each line V. 
The corrections of the width of the line on 
the K,~doublet was carried out experimentally 


[3]. 


For the determination of the shape of the 
experimental curve for the blackening of the 
line, curves were constructed on the basis of 
the functions 1/(1 + a X*)?, e@%*, i/1+a Xx. 
A comparison of these curves with experimental 


blackening curves has shown that the latter 
are best expressed by the function e@**, This 
made it possible to obtain the following equa- 
tion for the calculation of the real (diffrac- 
tion) width of the line: 


where By = width of the lines investigated, 
corrected to K,-doublet, by = width of stan- 


dard line, corrected to K doublet. 


As standard lines, i.e. lines the width of 
which was conditioned only by the geometry of 
exposure, the lines of the X-ray photograph 
were taken, which latter were obtained from 
an alloy specimen containing 3.87% chromium 
and having been annealed at 800° for one hour. 
The values of 8 for the lines (111) and (331) 
of the investigated alloys obtained on the 
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basis of this equation, are given in the 
Table. The width 6. for these lines is 3.1 x 
107? and 5.5 x 10-2 rad., respectively. 


As the diffractional width of the line in 
our case was due to two factors, the small- 
ness of the mosaic blocks and the lattice 
stresses of the second order, it was necessary 
to divide these effects, i.e. to find the 
widening of the line which was due to both of 
the indicated factors. As the methods for the 
division of the effects has been very 
thoroughly discussed [4, 5], only a few cal- 
culations required for the construction of 
division graphs of the indicated effects, are 
given here. 


If the broadening of the two lines (111) 
and (331), due to dispersion of blocks is 
denoted by m, and > and the broadening of 
the same lines caused by distortions of the 
lattice of the second degree is denoted by 
ny and Ro» the following equation can be 
written: 


Ms COS $y My tan 

my, COS $9 ny “tang, 
2 2p? 

(1) 


ms + ny = Bo, 


= 


where dg, and g, = angles of deflexion of the 
lines (111) and (331), and B, and f, = their 
respective widths. Solving Equation 1, we 
obtain 


The ratio of the cosines of the reflection 
angles of the lines (111) and (331) R = 3, 
and the ratio of the tangents of the angle of 
reflection of the lines (331) and (111) S= 
7.65, If B,/8, = S, then n,/B, = 1, and the 
broadening is only due to the dispersion of 
the blocks. If however B,/f, = R, then a,/f, = 


/ 


M -Crilg9 


7 


1, and the broadening is due only to the dis- 
tortions of the second degree. By giving 
different values to B,/B, within the limits 

of 3-8, we obtain values for a,/f,, n,/B, 
from 0 to 1. From these results it is possible 
to construct curves for the relationships 
= f(B,/B,) and n,/B, = f(8,/B,), and 
with their help one can obtain the values for 
ns and no (Fig. 1, Table). The block sizes 

are determined by the formula 


D= 
COS 
The magnitude of the latter distortion of the 
second degree is calculated according to the 
formula 


a ~ 4tan Ps 


EXPERIMENTAL RESULTS 


In Fig. 2 curves representing the change 
in magnitude of lattice distortions of the 
second degree, A a/a, block dimensions D, 
hardness ":, of hardened alloys, and the de- 


pendence on heating temperature constructed 
from data of the Table, are given. From 

Fig. 2 it can be seen that lattice distortions 
of the second order of an alloy containing 
3.87% chromium in the hardened state are 

1.85 x 107%. This value persists to a heating 
temperature of up to 400°C. As the temperature 
is increased to 500° the lattice distortions 
of the second order begin to decrease rapidly, 
and at 600° their magnitude becomes close to 0. 


The block size of distortions A a/a does 
not change with change in heating temperature 
up to 400°. Above this temperature the blocks 
begin to grow, at first slowly, and on 
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attaining a temperature of 500°, their speed 
of growth on further heating rapidly in- 
creases. 


The nature of the change in hardness in 
relation to heating temperature is similar to 
the nature of removal of lattice distortion 
of the second order. The difference consists 
only in that the fall in hardness on heating 
takes place more slowly than the decrease of 
A a/a 


In Fig. 3 curves for the temperature de- 
pendence of the change is distortion magni- 
tude A a/a, block sizes D and hardness for 
alloys containing 7.65% chromium, are given. 
From the curves reproduced it can be seen 
that a hardened state is characterized by a 
great magnitude of distortion of the second 
order (2.3 x 107*), a small block size and 
great hardness (65 R). 
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From these results it can be seen that on 
heating the alloy up to 400°C the value of 
A a/a decreases slowly from 2.3 x 107? to 


1.9 x 107%, As the temperature is further in- 
creased, distortions of the second order dis- 
appear much more quickly. At a temperature 

in the order of 650° the distortions A a/a in 
this alloy disappear practically completely. 


The block size changes little on heating 
up to 500°. At higher temperatures a consider- 
able increase in block dimensions is observed. 


The hardness of the alloy remains prac- 
tically unchanged up to a temperature of 
550°, A further increase in temperature leads 
to a sharp drop in hardness. 


In Fig. 4 the same curves as in Figs. 2 
and 3 are given, but for an alloy containing 
14.43% chromium. The hardened state of this 
alloy is also characterized by great dis- 
tortion of the second order A a/a (2.4 x 107’), 
small block sizes (2 x 107° cm) and a great 
hardness (69 


On heating the alloy under consideration to 
a temperature of 500°, the value of A a/a de- 
creases slightly (from 2.4 x 107? to 1.8 x 
1077). A further increase in temperature leads 
to intensive drop in distortions A a/a At 
temperatures of 700-750° the lattice distor- 
tions of the second order drop practically to 
0. 


The block size on heating to 500° remains 
practically unchanged. Above this temperature 
an intensive growth of the blocks is observed. 
The hardness of the alloy up to 500° changes 
only by 4 R, units, whilst in the temperature 
range 500-650° its hardness drops from 64 to 
50 Ry. On further increasing the temperature 
the fall in hardness becomes slower. 


In Fig. 5 the temperature dependence of the 
change A a/a, D and yy for an alloy contain- 


ing 18.90% chromium is given. This alloy, like 
the alloys described above, in its hardened 
state is characterized by a great lattice dis- 
tortion of the second order (2.8 x 107%), 
small block dimensions (4 x 107° cm) and a 
great hardness (67 R,)- The great lattice dis- 
tortion of the second order persists in this 
alloy up to 400°, On further raising of the 
temperature, the value of A a/a begins to de- 
crease rapidly, and at a temperature of appro- 
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ximately 800° becomes close to 0. The hardness 
on heating above 500° also begins to decrease, 
but considerably more slowly than the lattice 
distortions of the second order. On attaining 
a temperature of 700° at which the lattice 
distortions slow down considerably, the hard- 
ness of the alloy still remains high (61 Ry)» 
The block size, on heating this alloy up to 

a temperature of approximately 550°, does not 
change. Above these temperatures the blocks 
begin to grow. 
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A comparison between the curves represent- 
ing the temperature dependence of A a/a of 
the investigated alloys and pure nickel’, 
shows that as the chromium content in nickel 
is increased, the extent of lattice distor- 
tions of the second order increases with 
application of the same degree of deformation 
from 1.2 x 10-? for pure nickel to 2.8 x 1077 


* The curve for the temperature dependence 
of A a/a for nickel has been obtained by 
M.P, Arbuzcon and L.G, Khandros, 
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for an alloy containing 18.9% chromium (Fig. 
6). Again, these curves show that the value 

A a/a remains, at all temperatures, the 
greater, the higher the chromium content in 
the nickel. Thus, for instance, at a tempe- 
rature of 600°, A a/a for an alloy containing 
18.90% chromium is 1.6 x 1077; for alloys 

with 14.43 and 7.65% chromium A a/a is res- 
pectively 1.1 x 107? and 0.7 x 1077, and for 
an alloy containing 3.87% chromium the lattice 
distortion of the second order at a tempera- 
ture of 600° practically disappear. In pure 
nickel, as can be seen from Fig, 6, A a/a be- 
comes close to 0 at a temperature of approx. 
450°, 


The hardness of alloys in relation to 
their chromium content both on hardening and 
softening, changes similarly to the change 

in A a/a (Fig. 7). However, the temperatures 
of the beginning a steep fall in hardness 
and of A a/a, do not coincide. A steep fall 
in hardness always commences at higher tempe- 
ratures than the decrease in lattice distor- 
tion A a/a. Besides, complete disappearance 
of the distortion A a/a occurs at lower 
temperatures than the softening of the alloys 
(Figs. 6 and 7). 


If the curves for the dependence of block 
sizes on heating temperature are compared 
(Fig. 8), it can be seen that the more strong- 
ly alloyed is the alloy, the greater will be 
the dispersion of the mosaic blocks at the 
same deformation and the higher the tempera- 


ture of the commencement of their intensive 
growth. It should be noted that the tempera- 


ture at which the blocks commence to grow 
rapidly, coincides with the temperature at 
which the hardness begins to fall steeply 
(Figs. 7 and 8), 


A few diversions from the indicated be- 
haviour are observed in the alloy containing 
18.90% chromium, This alloy was subjected, 
prior to deformation, to a longer homogeniza- 
tion than the rest of the investigated alloys. 
As a result of such lengthy homogenization, 
the original structure of the alloys became 
coarsely crystalline. Therefore, the blocks 
of this alloy after deformation were coarser 
than those in other alloys. The hardness of 
the alloy under investigation, in spite of 
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the higher value of A a/a (2.8 x 1077) in the 
hardened state, turned out to be somewhat 
lower than the hardness of an alloy contain- 
ing 14.43% chromium. 
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FIG. 6. /—18,9%Cr;2—14,43% Cr; 
38—7,65%Cr; 4—3,87% Cr; 5—Ni. 
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FIG. 7. 1—18,9% Cr; 2—14,43% Cr; 
38—7 Cr; 4—3,87% Cr 


It is possible that this is associated 
with the fact that the hardness of an alloy 
is determined not by the lattice distortions 
A a/a, but the state of the block structure 
of the crystals (grains). This is also con- 
firmed by the fact that the commencement of 
intensive block growth coincides with the be- 
ginning of a sharp drop in hardness. 
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FIG. 8. /—18,9% Cr; 2—14,43% Cr; 
3 —7,65% Cr; 4—3,87% Cr. 


On heating, when the structure does not 
initially exert any influence on the further 


behaviour of the alloy, the hardening action 
of chromium becomes evident. Thus, the hard- 
ness of an alloy containing 18.09% chromium 
remains practically unchanged up to 500-550°, 
then begins to fall slowly, but remains all 
the time greater than the hardness of the 
14.43% chromium alloy. The blocks as well as 
the hardness preserve their initial magnitudes 
approx. up to 550°. Here, as in the preceding 
cases, the beginning of a sharp fall in hard- 
ness and the block growth coincide in tempe- 
rature, whereas the changes in block dimen- 
sions and hardness are delayed up to a tempe- 
rature of 550-600°. The lattice distortions 
A a/a, as in the cases of other alloys, begin 
to disappear at a temperature of 400-450°. At 
a temperature of 600° the distortions A a/a 
decrease by twice. 


CONCLUSIONS 


The degree of hardening of an alloy in the 
course of deformation depends on its chromium 
content and in a certain measure, on its 
initial structure. The greater the chromium 
content in the nickel, the more strongly does 
the alloy harden under stable, equal condi- 
tions, 


The hardened state of the investigated 
alloys is characterized by great lattice dis- 
tortions A a/a and small block dimensions. 

The smaller the block dimensions, the greater 
the hardness of the alloy. A similar relation- 
ship between distortions A a/a and hardness 
has not been observed. 


A softening (fall in hardness) of the 
alloys on heating was accompanied by a de- 
crease in lattice distortion A a/a anda 
growth in mosaic blocks. 


The beginning of a sharp fall in hardness 
with temperature coincides with the commence- 
ment of intensive block growth. 


Translated by G. Isserlis. 


117 
| 
| 
1958 
| 
| 


Hardening and softening of nickel 


REFERENCES 


1, G.V. Kurdyumov, V.A. Il’ina, V.K. Krits- 
kaya and L.I. Lysak, Problemy metallo- 
vedeniya i fiztki metallov (Problems in 
metallography and physics of metals). 
4, 339, Moscow, Metallurgizdat (1955). 


2. \V.A. Il’ ina, E,Z. Kaminskii, V.K. Krits- 
kaya and R.I. Entin, Problemy metallo- 
vedeniya i fiziki metallov (Problems in 
metallography and physics of metals). 


3, 178 Moscow, Metallurgizdat, (1952). 


M.P. Arbuzov, Dokl. Akad. Nauk SSSR 73, 
83 (1950). 


4. G.V. Kurdyumov and L.I. Lysak, Zh. tekh. fiz. 


17, 997 (1947). 


L.I. Lysak, Voprosy fiziki metallov i 
metallovedeniya (Problems in the physics 
of metals and metallography) 5, 45 (1954). 


118 
VOL 
6 
195 


A CONTRIBUTION TO THE THEORY OF RELAXATION 
PHENOMENA IN SOLID BODIES* 


T.D. SHERMERGOR 


A thermodynamic calculation of the stress tensor for non-homogeneous 
isotropic infinite solid bodies, has been carried out. It has been shown 
that in a general case the dynamic modulus is determined by a spectrum of 


the relaxation times. 


The theoretical investigation of stress relaxation and deformation in solid bodies has been 
developed in the direction of generalization of Hooke’s law, by the Boltzmann’s theory of 
elastic after-effect, and by the thermodynamic methods for non-equilibrium processes [1]. 


The thermodynamic method appears to be the most general one. The application of this method 
to the study of stress relaxation of an infinite, homogeneous isotropic elastic body [ 2-4] 
leads to the conclusion that the relaxation time of the bulk modulus ¥ is Tos and the relaxa- 
tion time of the shear modulus p is r,- But it is well known [1,5] that relaxation processes 
are characterized by a relaxation time spectrum. Relaxation spectra can be obtained for bodies 
of finite dimensions as a result of imposing boundary conditions (appropriate calculations 
have been carried out by Zener [1]), or as a result of inhomogeneities in the relaxing medium. 
We will show that in the last case the relaxation processes cannot be characterized only by 
the time of relaxation. We shall here follow the work of Finkel’shtein and Fastov [3], in 
which Leontovich’s theory of non-equilibrium conditions is applied to a homogeneous medium, 
however, the temperature of the body will not be assumed to be invariable. 


Let us consider a non-homogeneous infinite isotropic elastic body, consisting of two compo- 
nents, in which the stress relaxations occur differently. Then it is necessary to introduce 
two relaxation tensors eek ( (1) ) and € 4/2 for the characteristics of instantaneous deviation of 
the state of the system from the position. As we shall see, each tensor 
has its own relaxation time 7 .. A polycrystal consisting of crystallites and ‘eiiinaimmandad 
layers would be an example of such a body; except that the crystallites are anisotropic. For 
the polycrystal the relaxation processes in a grain and in a layer, occur not only at diffe- 
rent speeds, but also by different mechanisms [6]. 


For small deformations and slight deviations from the equilibrium condition, and hence for 
small temperature changes, the free energy for unit volume of the body will have the form 


2 No 2 Ao 2 Ao 
F =F, (T) + + dein + (ty + Oy Six + (2) + Babin (2) 


AA A A 
+ 6,8; (1) + (2) + (1) 4+ (2) + — To) + 
A A 
+ (T — To) + ta (7 To) (2) (1) (2) (1) Sin (2+ 


* Fiz. metal. metalloved. 6, No. 6, 1077-1080, 1958. 
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Here, for the sake of brevity, the following notations are used: 
A 
Cin = Fin — 3 ey Six, 


A 
Sin) = — J = 1, 2. (2) 


At a given T and e the free energy is extremely small for quasi-static processes. Hence 


(OF / OM =0, (3) 
from which we obtain equilibrium values for the relaxation tensors. 


ey + (T_T), (4°) 
4a, hy 


= 


ht 
A — 2bog, 
Sie (1) = (4) 
4b 1b. — h? 


hy — 261g. 


(4”” 
— 


Introducing equilibrium values & ik into (1), and taking into consideration the fact that 
for quasi-static processes the free energy has the form[7]: 


A 
F = Fg (T)—2K (T &y + pein + (K/2) (5) 
we obtain 
A 
F = F(T) — aK (T—To) &y + pein + (K/2) + (2) + 


Ay A A 
Oa bine (2) + San (2) Sine (1) Sie (2) 


The following notations are used here: 


< A A 
in (i) = Six — Sie 
Cu (i) = buy — Su (7) 


The stress tensor o.,, according to the theory of non-equilibrium conditions [8], can be de- 
termined in the usual way: 


Sin = (OF /O8ix) = Ke, + ix 4. 2a, (1) 


A 
i 


fix de; 
A 

A (2 A at. 

+ hy (2) Cie) — he (2) — 

de; a 


fix 


__ aK (T —T >) diz. 


K 
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Applying (7) and (4) we obtain 
A A 
Gin = Key dig + + Bin + 


A 
+ £9 Sis (2) — aK (T —T>5) dix. (9) 
Equation (9) gives the relation of stress to deformation. The deformation « ik enters into the 
tensor ¢. k in an indirect way. In order to work out the relation between ¢ ik and ¢€ ipe We must 
note that for small deviations from the equilibrium conditions, it is possible to write 


A 


A A 
Six (jj) =— (Ein {j) (10) 
y 


= — — (Eu) — 
Tay 

Integration of (10) in which (7) is taken into consideration, after substitution in (9) gives 


A 
Sik = Ke, dix Que ix —ak (T — To) + 


t 


t 


21 


— co 


e t t 


fa w(t’) exp (——*) at’ + exp + 
(11) 


where the following notations are used: 


— 4a,a, — hi Ta2 


26281 — She 26182 — __ 
1 9 a 
— hg — hy 
— At taiCy 4a,a,— h? y 


The new constants 7,;, have a magnitude of dynamic toughness, a heat conductivity coefficient 
xX; and a specific heat capacity C,. 

If deformation is brought about at a constant speed, then « ;, = const and T= const, and 
we shall obtain 
(13) 


A A 
Cin = Ke, Bin + — ak (T — To) + Ne bin + Six + T 


where 
Ny =Na =x, 4 (14) 


Equation 13 coincides with a known expression [7] except for the last term, which takes into 
account the deviation of the process from the quasi-static one. 


Thus, at € 5, = € 3, = 0, thermal stresses for a non-stationary process are determined not 
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only by temperature, but also by the speed of heating 7. 
In the case of periodic deformations: 
cin = ef?) (15) 


and, ignoring the influence of the change in temperature on the stress, we obtain from (11): 


(16) 


2 
(17) 


(18) 


+ 


Thus, each modulus has two relaxation times. A consideration of other possible relaxation 
mechanisms would bring in new relaxation times. In this case the summation in (17) and (18) 
would have to be extended to include all possible relaxation mechanisms. Within the limits of 
one relaxation mechanism, the spectrum may appear as the result of imposition of boundary 
conditions on the relaxation tensor [1]. 


For a uniaxial stress condition and for j = 2 we obtain from (16) and (17) 
o(1 + iwt,) (1 + iwt,) = Me (1 + iwt,) (1 + iwt,) + 
+ iwen, (1 + iwt,) +- iwen, (1 + 


As 0 = iwo ande = ime, it follows that 


+ (ty T+ 12%) 


= T > =e, =n» 


= K = M. 
Denoting 


we obtain 


t22) To2 + nL 12) e} (23) 


The equation obtained coincides with the generalized Hooke’s law [1,5] if one relaxation 
mechanism is assumed (7, <<1r,, 7, <<1,). The modulus M is the relaxation modulus. 


Translated by G. Isserlis. 
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THE RECOVERY OF 


INTERNAL FRICTION OF ALUMINIUM, SILVER 


AND PLATINUM AFTER THE REMOVAL OF THE LOAD* 


A. Ya. 


SAMOILOVA and V.S. 


POSTNIKOV 


(Received 30 July 1957) 


The phenomenon of internal friction recovery of aluminium, silver and 
platinum was studied after small deformations by low-frequency vibrations 
(v = 1 c/s) of low amplitude. Values were obtained for the heat of acti- 
vation of the process of the internal friction recovery for these metals 
equal to 4500, 6400 and 8000 cal/mole, respectively. 


The transition of the metal from the de- 
formed to the annealed state takes place 
through a series of stages: recovery, recrys- 
tallization, grain growth. Recovery is the 
first change which takes place with annealing 
and does not noticeably influence the hard- 
ness, the temporary resistance, the micro- 
structure, the electrical resistance and the 
broadening of the lines of the X-ray photo- 
graphs (the hardness and the temporary re- 
sistance as a result of the low-temperature 
annealing are even increased slightly) [1,2]. 
The internal friction with recovery, however, 
changes very noticeably. 


To explain this the idea of dislocations 
is used where it is postulated that low-tempe- 
rature annealing causes those dislocations 
which are responsible for the internal fric- 
tion to be dissipated, but does not influence 
the dislocations which determine the hardness 
etc. [1,2]. The relatively small amount of 
experimental data [3-11] does not enable the 


mechanism of the internal friction recovery 

of metal specimens which have undergone pre- 
liminary though small deformation to be indi- 
cated with sufficient reliability. A knowledge 
of the heat of activation of the process of 
internal friction recovery and the nature of 
the dependence of this process on time can to 
some extent elucidate this question. With this 
aim the isothermal internal friction recovery 
of wire specimens 0.7 mm in diameter and 300 
mm in length, prepared from pure metals 
(aluminium ~ 99.98 % Al, silver ~ 99.99 % Ag, 
Platinum ~ 99.87 % Pt) which had previously 
been deformed by extension, were examined by 
us. 


The investigations were carried out by 
means of low-frequency torsional oscillations 
of low amplitude [12]. All the specimens were 
previously annealed in the apparatus itself 
(aluminium at 450° C for 2 hr, silver at 
690° C for 5 hr, and then for 1 hr at 700° C, 
platinum at 800° C for 3 hr). 


TABLE 1. 


t’, sec H,cal/mole 


602 
545 
493 
446 
424 


* Fiz. metal. metalloved. 6, No. 6, 
1958. 
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MM 
50 2927 993 | 266 4500 
100 358 854 | 240 4260 
200 608 735 2929 3960 
300 854 633 433 3420 
400 1119 573 446 2800 
500 1374 518 403 493 2300 


The recovery of internal friction 


Deformation by extension was carried out 
by loading the specimen at a specific tempera- 
ture with weights of a different size (from 
50 to 1500 g). These weights (including the 
weight of the whole mobile system acting on 
the specimen amounting to 31.5-37.5 g) con- 
stituted the stress shown in the second 
column of the table. The stress acted in all 
cases for Al for 1 hr, for Ag-30 min, for Pt- 
15 min, and then it was removed and after 
approximately one minute the measurement of 
the internal friction began. 


THE RESULTS OF THE MEASUREMENTS 


The results of the measurements are shown 
in Figs. 1-10. From Fig. 1 it is seen that 
the temperature curve of internal friction of 
annealed specimens of silver and platinum are 
analogous with the well known temperature 
curve of internal friction of polycrystalline 
aluminium [14,15], and namely: the internal 
friction of these metals grows with an in- 
crease in temperature, passes through a 
maximum (for silver at about 290° C, for 
platinum about 760° C) and again increases 
very sharply with high temperatures. 


The sharp decrease in the magnitude of the 
modulus of rigidity of silver and platinum 
(Fig. 1, curves IV, VI) in the temperature 
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FIG. 1. The temperature curve of internal 
friction and the modulus of rigidity of 
aluminium (curves I, II), silver (curves 
III, IV), platinum (curves V, VI). 


region corresponding to the maxima of internal 
friction points to the fact that these maxima 
are connected with the viscous flow along the 
grain boundaries. 
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FIG. 2. The internal friction recovery of aluminium at room temperature after the 
removal of the load. I-50, II-100, III-200, IV-300, V-400, VI-500 g. 
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FIG. 3. The internal friction recovery of aluminium at 45° C after the removal of the 


load. I-50, 
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FIG. 4. The internal friction recovery of 
aluminium at 80° C after the removal of 
the load. I-50, II-VI through every 100 g. 


From Figs. 2-4, 6-9 it is seen that the 
internal friction of previously deformed 
specimens decreases approximately according 
to the exponential law. 


The initial internal friction is very great. 
It is the greater the larger the load with 
which the specimen was previously deformed. 
The final magnitude of the internal friction 
(after the lapse of 2 hr) is represented in 
Fig. 10. The final magnitude of the internal 
friction for aluminium and platinum decreases 
at first, passes through a minimum, and then 
grows as the load is increased. Silver does 
not have a similar minimum, With an increase 
in the temperature of the experiment the fall- 
off of all isothermal curves Q(t) become 


II-VI through every 100 g. 


more abrupt for aluminium, but on the contrary 
become more sloping for silver and platinum. 
It is possible that such behaviour of the 
internal friction Qr( t) of silver and platinum 
is connected with the fact that for the in- 
vestigation we had a small quantity of silver 
and platinum and unlike aluminium the same 
specimen was subjected many times to exten- 
sion and annealing. As a result of several 
tests the length of a specimen of silver (at 
140° C) increased by 3 mm, and a specimen of 
platinum (at 480° C) by 11 mm. The high 
temperature of the experiment also assisted 
this. It was, however, impossible to lower 
the temperature, as the noticeable process of 
the internal friction recovery of silver and 
platinum (after the removal of loads up to 
1500 g) is not observed below the above- 
mentioned temperatures. It is interesting to 
note that for aluminium the temperature of 
noticeable internal friction recovery is 32 
per cent of the melting point. For silver and 
platinum 32 and 33 per cent, respectively. 


All these conditions did not enable reli- 
able data about the dependence of the heat of 
activation of the internal friction recovery 
process on the load to be obtained for silver 
and platinum. Only the mean heat of activation 
of this process was found. 
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CONSIDERATION OF THE RESULTS 
OF THE MEASUREMENTS 


A deformed metal is in a state of spurious 
equilibrium. For this reason at any tempera- 
ture there must take place in it the spon- 
taneous processes which are accompanied by 
the emanation of that surplus "internal" 
energy (amounting to approximately 1-2 per 
cent of all the energy expended on deforma- 
tion [22]), which had accumulated with plastic 
deformation. All these processes are in- 
corporated in one term "relaxation (recovery)", 
The relaxation process has already been 
studied by Tamman and his school. According 
to Tamman relaxation is an atomic process, 
the role of which leads to the elimination of 
changes in the atoms caused by plastic de- 
formation [16]. According to the data of 
Kornfel’d the relaxation process is due to a 
"softening of the glue" which binds together 
the elastically-stressed regions of the metal 
- small grains with the ageing of the metal 
at elevated temperatures [17]. According to 
the investigations of Iveronova and Zhdanov 
relaxation consists basically in the removal 
of stresses of the second and third type 
(contacts) [18,19]. 


In so far as the internal friction recovery 
for some metals begins at room temperature, 
when the change in other physical properties 
is not yet noticeable, it is obviously a much 
finer means of investigating the phenomenon of 
"relaxation". However, as we pointed out above, 
the small quantity of experimental data does 
not enable the mechanism of friction recovery 
and consequently the phenomenon of "relaxa- 
tion" to be indicated with sufficient reli- 
ability. A knowledge of the heat of activation 
of the internal friction recovery process can 
shed light on this very interesting pheno- 
menon, The magnitude of the heat of activation 
of the process can be determined in the follow- 
ing way. 


In so far as the internal friction recovery 
after the removal of the load takes place 
almost in accordance with the exponential law, 
we can consider that the change in the internal 
friction depending on the time will obey the 
law [13 ] 


+(Q—Q,)e (1) 
where Q is the maximum internal friction 
which the specimen has at the moment of time 
t= 0, i.e. immediately after the removal of 
the load, Q, is the equilibrium value of the 
internal friction when t = o (in practice 
when t is equal to several hours), 7 is a 
parameter the value of which depends on the 
temperature of the measurement and the stress 
0. 

We assume 


(2) 


where H(o) is the energy of activation of the 
internal friction recovery process, ¢ is the 
stress created by the load P together with 
the weight of the mobile system attached to 
the specimen, T is the absolute temperature. 


With the aim of finding the magnitude H(oc) 
for aluminium three series of tests at diffe- 
rent temperatures were carried out (Figs. 2, 
3 and 4). The times of relaxation 7, corres- 
ponding to the different temperatures and 
different stresses, which were obtained from 
equation (1) at two points at the times t, 
and t, are given in the table. As is seen 
from the table, for r™” the last three figures 
were somewhat excessive, which is obviously 
explained by the considerable creep of 
aluminium (with loads > 300 g) at a tempera- 
ture of 80° C. 


Using equation (2) it is possible to deter- 
mine H, (a) from the graphs of Inr asa 
function of 1/T (Fig. 5). The calculations 
give the numbers included in the last column 
of the table. As is seen the energy of activa- 
tion of the internal friction recovery process 
is of small magnitude compared with the energy 
of activation of self-diffusion equal to 
-~33000 cal/mole [20]. 


Its decrease with an increase ino is com- 
pletely understandable [21]. A rough estimate 
of the energy of activation of the internal 
friction recovery process (less than 10000 
cal/mole) was first given in work [3].A 
figure of 5960 cal/mole was obtained in the 
work [10] for the energy of activation of the 
internal friction recovery process of cold- 


FIG. 5. The temperature change of the time 
of relaxation of the internal friction 
recovery process of aluminium specimens 
previously deformed by various loads. 

I-50, II-VI-100, 200, 300, 400, 500 ¢ 
respectively. 


drawn aluminium (reduction~ 95 per cent). As 
we have already said above, it was impossible 
te obtain for silver and platinum the depend- 
ence of the energy of activation on the 
stress from the available kinetic curves 
(Figs. 6-9) as was done for aluminium. Only 
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FIG. 6. The internal friction recovery of 
silver at 120° C after the removal of the 
load. 1-100, II-300, III-600, Iv-900 g. 


\ 
— 
a 
Pm 
2 3 YW 5S 60 
Time, min. 


FIG. 7. The internal friction recovery of 
silver at 140° C after the removal of the 
load. I-100, II-300, III-600, IvV-900 g. 


The recovery of internal friction 


the mean heats of activation of the internal 
friction recovery process of silver and 

platinum after the removal of the load were 
determined. They were the following: 


6400 cal/mole 


Such a small magnitude for the energy of 
activation of the internal friction recovery 
process indicates that this process is not 
diffusion, since, as is known, cosiderably 
larger energies of activation correspond to 
the processes of diffusion and to self- 
diffusion. Consequently, in the process de- 
formations under the influence of the load 
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FIG. 8. The internal friction recovery of 
platinum at 450° C after the removal of the 
load. I-100, II-300, III-600, IV-900, 
V-1500 g. 
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FIG. 9. The internal friction recovery of 
platinum at 480° C after the removal of 
the load. I-100, II-300, III-600, Iv-900, 
V-1500 g. 
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FIG. 10. The change in the internal friction 
of aluminium (I-20° C, II-45° C), silver 
(1II-120° C, Iv-140° C) and platinum (Vv- 
450° C, vI-480° C) depending on the stress 
through two hours after the removal of the 
load. 


create such imperfections, the movement of 
which (leading to the dissipation of the 
elastic energy) in the field of stresses, 
created by an oscillating inertial bar fasten- 
ed to the lower end of the specimen, is not 
connected with the large energy of the activa- 
tion. 


It is possible to call these imperfections 
dislocations [9,11], however this does not 
decide the question of the mechanism of the 
internal friction recovery of a previously 
deformed metallic specimen. It is necessary 
to accumulate further experimental material. 


Translated by J. Murray. 
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THE RELAXATION STRENGTH OF SPRING STEEL DEPENDING ON 
THE DEGREE OF STABILITY OF THE STRUCTURE* 


ZUBOV and S.V. GRACHEV 


(Received 6 July 1956) 


The effect of the temperature and time of annealing on the relaxation 
strength of spring steel was studied in this work. It was established 
that the relaxation strength of tempered and annealed steel varies non- 
monotonically. There is a certain annealing temperature range in which a 
maximum relaxation strength for steel is reached. 


Transformations in the material under test 
substantially influence the intensity with 
which the relaxation process and the degree 
of its development take place. These trans- 
formations can take place in connexion with 
the decomposition of the solid solution, the 
separation of one or other of the phase 
constituents, coagulation, recrystallization 
and others. 


Owing to insufficient study of this side 
of the relaxation process many questions 
remain unclear or debatable [1-5]. Some data 
can be found in studies on creep of which the 
mechanism has considerable similarity with 
that of relaxation, this information is, 
however, not sufficient [6,7]. 


The effect of the degree of stability of 
the structure of a spring strip on its 
relaxation strength under different tempera- 
ture conditions is examined in the present 
investigation. 


METHOD OF THE INVESTIGATION 


The method employed by us to investigate 
the relaxation properties of a steel strip 
[8] was used in the work. 


The specimens of spring strip are loaded 
into rings, the diameter of which was chosen 
on the calculation of the formation of only 
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elastic deformation, that is the stress in 
the strip must not exceed the limit of elas- 


ticity. 


The initial stress arising from pure bend- 
ing in the fibre of the strip furthest removed 
from the central axis can be determined by 
the formula 

h/2 
Po 
where o> is the initial elastic stress of the 
strip, h is the thickness of the strip, Po is 
the radius of curvature of the strip and E 
is the modulus of normal elasticity. 


The relaxation stress is determined by the 
formula* 


where 9, is the relaxation stress and p_ the 
radius of curvature of the plastically 
deformed strip. 


The magnitude of the radius of curvature 
of the strip after relaxation was determined 
by the formula 


* On calculating the relaxation stresses the 
modulus of elasticity for different tem- 
peratures was conditionally taken as con- 
stant and equal to 20000 kg/mm, 
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where p_ is the radius of curvature of the 
strip after Plastic deformation, y is the 
deflexion and 6 the semi-chord (Fig. 1). 


FIG. 1, Diagram for determining the radius of 
curvature of the strip. 


Two steels were taken for investigation: 
silicon steel type EI142, the second-experi- 
mental 2.5 % silicon steel, additionally 
alloyed with tungsten, molybdenum and chromium 
(C-0.71 %; Si-2.49 Mn-0.51 %; Cr - 0.62%; 
Ni -1.17 %; Mo-0.20 W-0.6 %; S-0.02 %; 
and P-0.018 %). The test specimens were in 
the shape of a strip of section 0.32 x 6.75 mm. 
Strips of both steels were previously hard- 
ened in iron presses water quenched under 
factory conditions followed by tempering in 
a tempering furnace. The temperature of the 
furnace for the steel EL142 was 880°,and for 
steel EI722* 960°. The rate with which the 
strip moved over the tempering unit was 3m/min. 


To obtain steel with a different struc- 
tural stability the tempered strip was sub- 
jected to annealing at different temperatures 
and exposures before the relaxation test. The 
effect of each of these factors on the relaxa- 
tion strength of the steel was studied 
separately. 


* The experimental steel was designated in 
this way when it was prepared at the 
factory. 


Specimens of the strips of both steels were 
annealed at the temperatures: 150, 250, 350, 
450, 550 and 650° for 10 min. 


The annealed strip specimens were tested 
for the limit of elasticity by a specially 
developed method [9]. The results of the test 


_ are given in Table 1. 


The tests for relaxation were carried out 
for the Steel EI142 at the temperatures; 150, 
250, 300, 400 and 450° with soakings from 1 
to 60 min, and for the Steel EI722 at the 
temperatures: 250, 350, 400, 450 and 500° with 
soakings from 1 to 150 min. To investigate 
the effect of the time of exposure to the 
annealing the tempered strip specimens of 
steel EI142 were annealed before the relaxa- 
tion test at the temperatures 350, 450 and 
550° with exposures from 30 sec to 130 min. 
The steel strip EI722 was annealed at the 
temperatures 350, 450, 550 and 650° with ex- 
posures from 1 min to 150 min. 


The determination of the limit of elasti- 
city of the annealed specimens gave the 
following results (Tables 2 and 3): 


The relaxation tests were carried out in 
rings with an internal diameter of 60 m, 
which corresponded to the initial stress 


= 106.8 kg/mm? 


THE RESULTS OF THE RELAXATION TESTS 


The results obtained are given in the form 
of graphs, drawn with the co-ordinates: de- 
creased stress (o_) against annealing tempera- 
ture and decrease of stress against exposure 
under annealing. 


TABLE 1 


Limit of elasticity (kg/mm?) at the annealing temp. (°C) 


150 


250 


350 


450 550 


168.2 


200.0 


203. 2 


194.0 


204.2 


130.5 


150.5 
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TABLE 2. 


Steel EI142. 


Annealing 


Limit of elasticity (kg/mm? ) with exposure (min) 


temp. (°C) 


10 


40 


90 


350 


194.0 


194.0 


194.0 


450 


164.0 


150.1 


550 


139.0 


136.0 


125.5 


TABLE 3. Steel EI722 


Annealing Limit of elasticity (kg/mm ) with exposure (min) 


temp. (°C) 
10 30 90 150 


350 191.0 


450 168.5 


550 152.1 


650 124.5 


The effect of the annealing temperature on 
the relaxation strength of the Steels E1142 
and EI722 are shown in Fig. 2. 


From the graphs it follows that for steel 
EI142 at relaxation temperatures in the range 
150-350° the curves have a minimum correspond- 


a b 
St. El 1142 St. E11722 


“T 
400 600 


qT qT 
200 Wl 600 200 
Annealing temperature °C 


Annealing temperature C 
FIG. 2. The effect of the annealing temperature on the relaxation strength. a-steel E1142. 
Relaxation time 1-1 min, 2-10 min, 3-60 min. b-steel E1722. Relaxation time 1-1 min, 2-10 min, 
3-150 min. 
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ing to the annealing temperature 450°, and 
for steel EI722-550°. This means that the 
greatest relaxation strength of the steels is 
reached at these annealing temperatures. It 
must be noted, however, that the relaxation 
minimum for steel EI142 is not observed if 
relaxation takes place at 450°. 


The most intense relaxation is observed in 
strip specimens annealed at low temperature 
(150-250°), that is those which have a meta- 
stable structure (annealed martensite). 


Annealing higher than 450° for the steel 
E1142 and higher than 550° for the steel 
EI722 leads to a rise in the curves of removed 
stress with relaxation, that is the relaxa- 
tion process is intensified despite the fact 
that the steels at these annealing tempera- 
tures reach a much higher structural stabil- 
ity. Whereas, as has already been noted, for 
the steel EI142 at the relaxation temperature 
450° a rise in the curves does not take place. 
For the steel EI722 a minimum on the curves 
is preserved for all relaxation test tempera- 
tures. 


The effect of the annealing exposure time 
on the relaxation properties of the steels 
which were investigated consists of the 
following. For the steel EI142 an increase in 
the exposure time at the annealing tempera- 
ture 350° leads to an increase in the relaxa- 
tion strength and this is particularly clear- 
ly marked at the relaxation temperature 350° 
(Fig. 3). With annealing at 450° the relaxa- 
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Annealing exposure time, min. 
FIG. 3. Resistance to relaxation of the steel 
EI142 depending on the annealing exposure 
time (T, = 350°, r, = 30 min) 1- 350°, 2 - 450° 
3 - 550°. 


tion strength increases at first (up to an 
exposure of 40 min), and then falls. Anneal- 
ing at 550° is accompanied by a decrease in 
the relaxation strength of steel as the ex- 
posure time increases. An analogous law is 
observed for relaxation at the temperatures 
300 and 400° (Figs. 4 and 5). 
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FIG. 4. Resistance to relaxation of the steel 
EI142 depending on the annealing exposure time 
(T,=300°, r_=30 min) 1-350°, 2- 450°, 

3 - 550°. 
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FIG. 5. Resistance to relaxation of the steel 
EI142 depending on the annealing exposure 
time (T= 400°, r= 30 min) 1-350° 
2-450°, 3-550°. 


For the steel EI722 a similar change in 
the path of the relaxation curves takes place 
as in the case of steel EI142, but the re- 
lationships noted above are displaced to a 
region of much higher temperatures. Thus, with 
relaxation temperatures of 350, 400 and 450° 
(Figs. 6, 7 and 8) as the annealing exposure 
time increases to 350 and 450° an increase in 
the relaxation strength of the steel is ob- 
served. An increase in the annealing exposure 
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time to 550° is accompanied at first by an 
increase in the relaxation strength and then 
by a slight fall (Figs. 6 and 8). 
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Annealing exposure time, min. 
FIG. 6. Resistance to relaxation of the steel 
EI722 depending on the annealing exposure 


time (T= 350°, r= 30min) 1 - 350°, 
2-450°, 3-550°, 4-650°. 
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FIG. 7. Resistance to relaxation of the steel 
EI722 depending on the annealing exposure 
time (T_ = 400°, r_ = 30 min) 1- 350°, 
2- 450°, 3-550°, 4-650°, 


30 60 
Annealing exposure time, min. 
FIG. 8. Resistance to relaxation of the steel 
EI722 depending on the annealing exposure 
time (T, = 450°, r_ = 30 min) 1-350°, 
2- 450°, 3-550°, 4-650°. 


At 650° as the annealing exposure increases 
a continuous fall in the relaxation strength 
takes place. 


Thus the above indicated data show that 
the relaxation strength of steel is deter- 
mined mainly by the structure of the steel. 
Steel in a tempered state and also after low- 
temperature annealing** possesses a greater 
tendency to relaxation. 


How is the low relaxation strength of 
tempered or low-annealed steel at relaxation 
temperatures 250-450° to be explained? 
Tempered or low-annealed steel is in a meta- 
stable state. Being under the influence of 
external and internal stresses at the above 
indicated temperatures, the steel relaxes as 
a result of the fact that in the supersatur- 
ated solid solution the reaction takes place 
of the interaction of the iron atoms with 
the carbon atoms and the formation of a new 
phase - the carbide. The new state of the 
system transforms the atoms of iron and 
carbon from the stressed state caused by the 
internal stresses and the external load, to 
a state of greater equilibrium. The free 
energy of the system falls. As a result of 
the "thermally activated" nature of the trans- 
formations in tempered or low-annealed steel 
the relaxation process at the temperatures 
350-450° takes place very quickly in accord- 
ance with the rate of decomposition of marten- 
site during tempering. 


It can be anticipated that in all cases 
the "thermally activated" relaxation (caused 
by the reaction of the interaction of the 
atoms) must take place faster than any other 
form of relaxation. Moreover, there are 
reasons for supposing that the external 
stresses will assist the transformations to 
take place and accelerate them. 


An increase in the annealing temperature 
(up to 450-500°) increases the relaxation 
strength despite the fact that the limit of 
elasticity of steel falls with this (see 
Tables 2 and 3). It seems to us possible to 


** The data of the relaxation tests of tem- 
pered steel (without annealing) are not 
shown on the graphs. 
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explain this phenomenon by a decrease in the 
tendency of steel to reactive relaxation in 
connexion with the growth of stability in the 
structure of the steel on the one hand, and, 
on the other, by the appearance of the dis- 
Placive mechanism of relaxation, the role of 
which is intensified with the increase in the 
degree of structural stability of steel (Fig. 


An increase in the relaxation strength with 
an increase in the annealing exposure time 
at 350° (Figs. 3-7) can be attributed to the 
transition of the steel to a more stable state, 
when the role of the displacive mechanism is 
not great and the relaxation takes place 
mainly as a result of the diffusion mechanism. 


The minimum of the removed stress in the 
relaxation process at 450 and 550° (for diffe- 
rent steels) is obviously explained by the 
transition from the predominently diffusive 
(reactive or connected with the coagulation 
of the carbides) mechanism of plasticity to 
the displative. It is necessary to underline 
at once that at test temperatures of 400° and 
above diffusion as well as displacive mecha- 
nisms of relaxation take place. Consequently 
when the diffusion or displacive mechanism 
of relaxation is being discussed, this only 
indicated the predominant development of the 
given mechanism. 


For the steel EI722 (Fig. 2) the maximum 
of the relaxation strength lies at a much 
higher annealing temperature than for steel 
EI142; as a result of the lesser tendency of 
the carbides of this steel to coagulation 
and consequently of a higher temperature of 
transition from the predominantly diffusion 
mechanism of plasticity to the displacive. 


In conditions when the displacive mecha- 
nism of relaxation plays a fundamental role, 
an increase in the degree of stability of 
the steel, leading to a coagulation of the 
carbides and a lowering of the limit of elas 
ticity of the steel, causes a fall in the 
relaxation strength. What has been said is 
confirmed in Figs. 3, 4 and 5 (the curve for 
the annealing temperature 550°) and in Figs. 
6, 7 and 8 (the curve for the annealing 
temperature 650°). 


If during the relaxation tests transform- 
ation processes take place with annealing 
(the decomposition of the solid solution, the 
coagulation of the carbides), then an increase 
in the structural stability of steel, which 
takes place with an increase in the exposure 
time during the annealing of tempered steel, 
leads to a growth of the relaxation strength 
(Figs. 3-8), annealing temperatures 350- 
450°). 
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FIG. 9. Resistance to relaxation of the steel 
EI722 depending on the annealing exposure 
time (T_ = 500°, r= 30 min) 1 - 350°, 
2-450°, 3-550°, 4- 650°. 


However at high relaxation temperatures 
(500°, Fig. 9) an increase in the exposure 
time at an annealing temperature of 350° does 
not lead to an increase in the relaxation 
strength. An increase in the stability of the 
structure in a given case is not important 
because it is covered with transformations 
which take place during the relaxation tests 
at a considerably higher temperature. With 
this the stresses are almost completely re- 
moved, 


As a result of the experiment which was 
carried out it is possible to see that depend- 
ing on the conditions of relaxation and the 
structural state of the steel an increase in 
the stability of the structure does not lead 
to a monotonic increase in the relaxation 
strength. In a number of cases an increase in 
the stability of the structure can cause a 
decrease in the resistance to relaxation. 


CONCLUSIONS 


1. An increase in the stability of the 
structure can increase and decrease the re- 
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laxation strength of steel depending on the 
conditions of relaxation and the structural 
state of the steel. 


2. The role of the displacive mechanism is 
greater the higher the structural stability 
of the steel and the initial stress. 


3. The nature of the relaxation curves of 
two different types of spring steel depend- 
ing on the initial structure and the relaxa- 
tion conditions have common inherent 
tendencies. 


4, The relaxation strength of the steel 
EI722 is higher than the relaxation strength 
of the steel EI142 at all investigated tem- 
peratures of preliminary annealing and re- 
laxation. Translated by J. Murray 
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INVESTIGATION. OF THE FINE STRUCTURE OF HEAT-RESISTING 
TUBE STEELS RELATIVE TO THE DEGREE OF PLASTIC STRAIN* 


E. Iu. CHEMADUROVA 


All-Union Scientific Research Institute for Tubes 


(Received 12 February 1957) 


The object of the work described was to determine separately the second- 
order distortions and the size of the blocks after cold deformation, in 
alloy heat-resisting steels of the pearlitic (E1531), semiferritic (E1428) 
and ferritic (Zh27) classes. An attempt was made on the basis of the results 
obtained to explain the difference in the behaviour of the steels mentioned 


on plastic strain in the cold state. 


MATERIAL AND TEST METHOD 


Three types of heat-resisting steel with 
a tendency to brittle fracture were invest- 
igated. The chemical composition of the 
steels is given in Table 1. The impact 
strength of E1429 and Zh27 steels is very low 
( <1 kg/cm?). The microstructure of E1428 
steel consists of ferrite and eutectoid. This 
steel is brittle in the temperature range 
from 50 to 150°, and has poor workability in 
the cold state [1]. 


Strips were cut from hot-rolled tubes 
300 mm long (along the tube axis) and 10 mm 
thick. To obtain a fine-grain structure the 
strips underwent preliminary rolling giving a 
reduction of 40 per cent, and for stress 


relief were tempered for 40 min at 600° 

E1428 steel) and 800° (Zh27 steel) with 
subsequent cooling in water to prevent temper 
brittleness. Strips in this initial condition 
that had been prepared from E1428 and Zh27 
steels were rolled in a "300" laboratory 
machine, to give reductions of 5, 10, 25 and . 
50 per cent. 


The effect of plastic strain on the fine 
structure of EI531 steel was studied follow- 
ing total reductions of 25 and 50 per cent. 
Flat samples were cut from the strips for 
X-ray analysis. The strained layer formed 
after mechanical working was removed by 
electrolytic solution to a depth of 0.15 mm, 


The widening of the interference lines due 


TABLE 1. 
Chemical composition % 
Type of 

steel | {| Mn |] Si | Cr | Al | V | Mo| Nb] Ti | Cu | | 
E1428] 0.07 | 0.26 | 1.56 | 5,95 |0.84 ~ | 0,007] 0.016 

from 

EI'531} 0,08) 0,4]; 0.4] 2,1 — | 0.2 ; 0.5 | 0,5 not more than 

to0,12 0:7] 0:7] 2.6] — 0.35| 0.7 | 0.8 | 0,1 | 0.25) 0,30, 0,03 | 0.03 
Zh27 | 0,13 | 0.65 | 0.62 | 23,7; — | — | | | 
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to second-order distortions was distinguished 
from that due to the small size of the areas 
of coherent scatter of the X-rays (blocks) 
using the method proposed by Lysak [2,3]. 


The X-ray photographs were taken by the 
back-reflection method using two types of 
radiation, viz. chromium radiation on the 
(211)-faces and molybdenum radiation of the 
(651)-faces with identical angles of reflec- 
tion~ 78°, We know that the width of the 
interference lines depends not only on factors 
to do with the state of the sample, but also 
on other, external factors (the geometrical 
conditions of the photography). To determine 
the last-named factors photographs were taken 
of standard samples [3]. The samples used 
were tempered for 6 hr at 670° (E1428 steel) 
and 700° (EI531 and Zh27 steels). 


The width found from the standard was 
subtracted from the total line-width obtained 
from the samples. 


On photographing using chromium radiation 
the distance between the film and the sample 
was 60 mm; on photographing using molybdenum 
radiation it varied between 36 and 45 mn, 
depending on the design of the camera. 


Exposure with chromium radiation was 6 hr 
on the tube operating at 32 kV and 10 mA; 
that with molybdenum radiation (with an 
aluminium filter), on the tube operating at 
45 kV and 20 mA, was 30-45 hr. The diameter 
of the slits was 0.6 mm, The X-ray photo- 
graphs were taken with rotation of the 
magazine. All the films were developed under 
identical conditions, in a fresh solution, 
and were washed in a clear solution contain- 
ing acetic acid, 


The intensity of the interference lines 
was measured using an MF-2 microphotometer, 
with visual estimation. The photometric 
measurements were made of the left-hand and 
right-hand sides of the photographs. The 
line-width was determined as the ratio of the 
integral intensity to the height of the 
maximum. 


RESULTS OF THE INVESTIGATION AND 
CONSIDERATIONS ON THEM 


The experimental data obtained are given 
in Figs. 1-3. 


& 


Second order 
distortions 


FIG. 1. Variation in second-order distortions 
with degree of strain. 
1) EI428 steel; 2) EI531 steel; 3) Zh27 steel. 
ordinate = Second-order distortions, 
Sa/a 1074 
abscissa = Strain, per cent. 
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FIG. 2. Variation in size of blocks with 
degree of strain. 


1) EI428 steel; 2) EI531 steel; 3) Zh27 steel. 
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FIG. 3. Variation in hardness of steels with 


degree of strain. 
1) EI428 steel; 2) EI531 steel; 3) Zh27 steel. 
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To obtain a fine-grain structure the 
strips of EI428 steel cut from hot-rolled 
tube underwent preliminary rolling in the 
cold state, giving a total strain of 40 per 
cent, and were heated at a temperature of 
600° with subsequent cooling in water. 


In hot-rolled EI428 steel the second-order 
distortions 5a/a equalled 0.15 x 10°? and the 
size of the blocks was D x 6.5 x 107° cm. As 
the result of preliminary cold rolling of this 
steel, giving a reduction of 40 per cent after 
a number of passes, the second-order distor- 
tions 5a/a reached 0.46 x 107%, and the mean 
size of the blocks was D = 1.1 x 107° cm. 
Following high-temperature heating the second- 
order distortions fell to 0.21 x 107? and the 
size of the blocks rose to 2.2 x 107° cm. 
These distortions rise with increase in the 
degree of strain (Fig. 1). The shape of the 
5a/a curves is about the same for all three 
types of steel. 


The second-order distortions in the steels 
investigated rise rapidly at strains of up to 
10 per cent, but their rate of increase be- 
comes slower on the strain exceeding 10 per 
cent. At strains exceeding 25 per cent the 
increase in the magnitude of the 5a/a dis- 
tortions is more pronounced in E1428 steel 
than in Zh27 steel; in EI531 steel (pearlitic- 
class steel) this increase is still more pro- 
nounced, 


This difference is possibly due to the fact 
that in steels of the pearlitic and semi- 
ferritic classes the cementite particles may 
be crushed during plastic strain, the more so 
the greater the degree of strain. Change in 
the size, shape and distribution of the 
cementite particles in the ferrite may bring 
about a change in the elastic strain in the 
separate areas of the grain or in the slip 
plates. 


Fig. 2 contains curves showing the change 
in the size of the blocks. The size of the 
blocks changes in approximately the same way 
in all three steels as the result of cold 
plastic strain, although the sizes of the 
blocks differ absolutely. Thus there is a 
sharp fall in the size of the blocks at 


strains of up to 10 per cent, whilst further 
increase in the degree of strain results only 
in a slight change. The fall in the size of 
the blocks at a given degree of strain depends 
on the original size of the blocks. 


There is a substantial difference absolut- 
ely in the size of the blocks in samples of 
steel of the pearlitic class after plastic 
strain, and the mean size of the blocks in 
samples of steels of the ferritic and semi- 
ferritic classes. The mean size of the blocks 
in EI531 steel (pearlitic) is~w 107° cm, 
whereas that of Zh27 and E1428 steels is 107° 
cm. 

Bearing in mind, however, that in the 
initial conditions the blocks in the pearlitic 
steel were of quite a different order of 
magnitude than the blocks in the steels of 
the semiferritic and ferritic classes, the 
relative change in the sizes of the blocks at 
a given degree of strain is approximately the 
same, 


Fig. 3 gives curves of the variation in 
the hardness determined according to the B- 
scale on a Rockwell instrument at a load of 
100 kg (R), relative to the degree of strain. 
The variation in the hardness with the degree 
of strain is similar in all the steels, but 
the hardness differs absolutely. 


From the data obtained-it can be concluded 
that the imcrease in the hardness of steels 
on plastic strain is due mainly to changes in 
the blocks, and not to second-order distor- 
tions. Thus, after strain of 50 per cent the 
hardness of EI531 steel was 93 Rp, that of 
Zh27 steel was 98 Rp, and that of E1428 steel 
was 102 R,. The sizes of the blocks in samples 
of these steels after strain of 50 per cent 
were 2.8 x 107°, 6.2 x 107° and 4.5 x 107° om 
respectively. This conclusion is confirmed, 
not only by the size of the blocks on strain 
of 50 per cent, but also by the general shape 
of the curves of variation in hardness and 
size of the blocks relative to the degree of 


strain. 


There are slight differences absolutely in 
the second-order distortions in the steels 
studied, and no correspondence is apparent 
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between the variation in the distortion and | 
that in the hardness, like that seen in the 
size of the blocks, 


Thus from a study of the variation in the 
fine structure of three alloy steels of diffe- 
rent classes and with a low content of carbon, 
relative to the degree of plastic strain, it 
was shown that the increase in hardness on 
strain in the cold state is due chiefly to a 
change in the size of the blocks, and not to 
the second-order distortions accompanying the 
process of the formation of submicrostructure. 


As yet the manner in which the hardness of 
metals and alloys increases on plastic strain, 
on alloying and on heat treatment has not 
been explained fully. 


Many investigators [4,5] attribute the 
increase in the hardness of alloys to second- 
and third-order distortions of the crystal 
lattice. In [5] the physical factors govern- 
ing the hardening and softening of iron and 
steel under strain were studied, but the 
broadening of the diffraction lines due to 
distortions of the crystal lattice was not 
distinguished from that due to decrease in 
the size of the areas of coherent scatter. 
The authors of [5] concluded, therefore, that 
hardening on cold strain may be associated 
with an increase in the static distortions 
of the crystal lattice, resulting in dis- 
placement of the atoms from the equilibrium 
position (third-order distortions). They made 
the reservation, however, that measurement 
of the total increase in the width of the 
diffraction lines only, and determination of 
the line intensities give insufficient data 
for judging the extent to which the third- 
order distortions are responsible for the in- 
creased hardness, since as yet the size of 
the areas of coherent scatter has not been 
correlated with the degree of strain. 


Kishkin [4] is of the opinion that the sub- 
microscopic non-uniformity of the structure 
is the factor chiefly responsible for the 
increase in hardness of alloys, and he con- 
siders that the second- and third-order dis- 
tortions are only incidental to the formation 
of a fine structure. 


In discussing the hardened state of alloys 
a distinction is made between the resistance 
of the material to fracture (brittle fracture 
without plastic strain) and the resistance to 
shear on plastic strain. Kishkin deals with 
the effect of distortions of the crystal 
lattice on the resistance of the material 
to fracture and on the development of plastic 
strain. 


Crystal-lattice strains having the sign of 
tensile strain lead to an increase in the 
resistance to fracture, and, consequently, to 
an increase in hardness, because they supple- 
ment the tensile strain caused through exter- 
nal loading. The interatomic bond will fail 
under the resulting tensile strain, and the 
greater the strain of the crystal lattice due 
to internal factors, the lower the external 
force needed to produce this failure. 


The view that the development of plastic 
strain may be hindered by the presence of. 
distortions of the crystal lattice is a purely 
theoretical one, because the elementary nature 
of plastic strain has so far not been estab- 
lished, 


To support his view that it is the formation 
of a submicroscopic heterogeneity which is 
responsible for the increase in hardness of 
metals and alloys, Kishkin quotes the fact 
that the maximum resistance to plastic strain 
is found on the formation of submicroscopic 
heterogeneity of the structure. This produces 
a sharp decrease in the size of the areas 
where the atoms (blocks) are correctly 
arranged. Increase in the strength on the 
occurrence of submicroscopic heterogeneity of 
the structure is in accordance with two 
theories concerning the effect of the size of 
the blocks on increase in hardness. In 
material that is not strained the blocks are 
turned at small angles to each other. Through 
strain (detected with an electron microscope), 
a submicroscopic structure is produced in the 
crystal, that is the blocks (areas with 
correct arrangement of atoms), become smaller 
and are disoriented. 


In the boundary layer between the blocks - 
the layer between the blocks - the arrangement 
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of the atoms is very disorderly. It is here 
(and also along the grain boundaries) in the 
main that impurities and new phases are sepa- 
rated and the inclusions are concentrated. 


The increase in hardness produced by the 
formation of submicroscopic heterogeneity of 
the structure of an alloy may be explained a) 
by theories according to which the boundaries 
of the blocks are considered as barriers pre- 
venting the development of plastic strain, 
through the blocking of shears by impurities, 
inclusions, etc., and 6) according to Kurd- 
jumov’s theories [6] of the contribution of 
small size of the blocks to hardening. De- 
crease in the size of the blocks (to 200-300 
4) leads to a reduction in the number of 
atoms taking part in each individual shear. 


Translated by R. Hardbottle. 
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INVESTIGATION ON THE STRENGTH OF THICK-WALLED TUBES* 


V.A. GLADKOVSKII, L.F. VERESHCHAGIN and V.E. IVANOV 
Laboratory of the Physics of Ultra-high Pressures 
of the Academy of Sciences of the U.S.S.R. 


(Received 11 April 1957) 


The investigation of materials under a high hydrostatic pressure is 
usually carried out in thick-walled vessels (tubes). In work at pressures 
exceeding 1000 atm the tubes used are of quite considerable size. 
Theoretical calculations [1,2] show that at a sufficiently high internal 
pressure the elastic strains of the material of the wall (whatever its 
thickness) may still exceed the permissible strains. For each material, 
therefore, there is a certain limiting pressure above which the tube 
should not be used, otherwise plastic strain will occur, first of the 
inner and then of the outer layer, and finally the tube will collapse. 


In very many cases it is of great importance to know the internal 
pressure at which collapse of such a tube takes place. It has been pro- 
posed that this pressure should be considered as depending mainly on the 
tube thickness and on the strength of the tube material [3]. This assump- 
tion requires experimental confirmation, however. 


Work with this object was carried out in our laboratory from 1952 to 
1955, to study the strength of thick-walled tubes subjected to ultra-high 
internal pressures of up to 14000 atm, 


It should be pointed out that similar investigations on the strength 
of tubes of mild steel (0.28 % C) at pressures of up to 7100 atm were 
carried out recently at Bristol University by Crossland and Bones [4]. 


“) From high-pressure pump 
I. Special equipment was built for the _ 
testing to failure of thick-walled tubes by 
the application of internal pressures of up 
to 14000 atm. The design of the equipment is 
shown in Fig. 1.- The tube sample 1 fits in- 
side the sectional bushes 2 held by a solid : 
ring 3, Both ends of the tube are connected \-| £7) 4 |!) From hydraulic 
to cylinders 4 and 5, in which a high hydro- t+ Vfl] | Es- COMPressor 
static pressure is created. teigeel 


The pressure in the cylinders 4 and 5 and Vc p From high-pressure 
in the internal cavity of the tube was first a yy pump 
raised by means of a hydraulic compressor to 


FIG. 1. Design of the equipment for testing- 
* Fiz. metal. metalloved. 6, No. 6, 1100-1104. to failure of tubes through application of 
1958, internal pressure. 
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3000 to 4000 atm. Further rise in the pressure 
was achieved through a piston 6 in the 
cylinder 5, pushed forward by feeding fluid 
into the lower cavity of cylinder 7. 


To push back the pistons 6 and 8 the fluid 
was passed into the top cavity of cylinder 7. 


The pressure was measured using manometers 
mounted on the low-pressure cylinders 7 and 9, 
with a correction for losses due to friction 
between the pistons and the walls of the 
cylinders. Cylinder 4 is designed to determine 
the fall in pressure along the length of the 
tube. 


The diameter of the high-pressure cylinders 
4 and 5 is 10 mm, that of the low-pressure 
cylinders 8 and 9 is 70 mm, thus the multipli- 
cation coefficient is 49. To obtain a pressure 
of 15000 kg/cm? in the high-pressure cylinders 
a pressure slightly greater than 300 kg/cm2 
is needed in the low-pressure cylinders 
(allowing for losses due to friction in the 
seal of the pistons). A pump passes the fluid 
into the low-pressure cylinder. 


In constructing the apparatus described a 
number of difficulties had to be overcome, 
viz.: a reliable method had to be found of 
sealing the pistons of the high-pressure 
cylinders and of connecting the ends of the 
tubes to the cylinders; a fall in pressure 
along the length of the tube, due to the small 
internal diameter of the tube and to increase 
in the viscosity of the fluid filling the 
tube and the cylinders on rise in pressure, 
had to be eliminated; the actual losses* due 
to friction in the seals of the pistons had 
to be determined accurately, and finally, 
pistons and high-pressure cylinders of 
adequate strength had to be built (cf. Fig.1). 


The methods used to seal the moving parts 
of the equipment had been used earlier in 
work at ultra-high pressures. In the low- 
pressure cylinders the seal was provided by 
the uncompensated-area method. After trying 
various materials for the soft packing of 
these seals, we decided that packing 4-5 mm 
thick of vinyl chloride was the strongest. A 
plug consisting of several layers, pushed 
forward by the steel piston, was found to be 


a good device for providing seal in the high- 
pressure cylinders. This plug was made from 
brass 2 mm thick, vinyl chloride 4-5 mm thick 
and a brass disk 2 mm thick. The vinyl 
chloride plug fitted fairly tightly into the 
cylinder. The pistons were made from ball- 
bearing steel (No. ShKh15) tempered to a 
hardness of 60-62 Re The high-pressure 
cylinders were made from No. 45KhNMFA steel, 
heat-treated to a hardness of 42-45 Ro After 
initial grinding, the inside of the high- 
pressure cylinders and the pistons were re- 
ground to give a gap between them of 12 
microns, to allow for increase in the dia- 
meter of the piston during longitudinal com- 
pression, The ends of the tube were sealed 


. (cf. Fig. 1) by means of thin easily-deformed 


sleeves fitted onto the ends of the tube. 
Initially the seal was produced by crumpling 
the sleeve (for this the sleeve was made 
0.3-0.4 mm longer than the groove in the 
cylinder into which it fitted). Then on rise 
in pressure in the cylinders, through radial 
deformation of the sleeve, the degree of seal 
was increased. This method of obtaining a 
seal was found to be quite satisfactory. 


The tubes tested had an external diameter 
D= 10 mm. Thus their internal diameter d 
varied between 2 and 6 mm. Our original 
attempts at testing tubes with one end blocked 
(on applying pressure from one end) were un- 
successful. The tubes did not fail even at 
pressures greatly exceeding the maximum per- 
missible pressure. The only explanation that 
we can give for this is that, owing to the 
great viscosity of the fluid there was a sub- 
stantial. fall in pressure along the length of 
the tube with one end blocked, so that in the 
middle (the weakest area of the tube) the 
pressure was insufficient to cause failure. 
The position was quite different on using 
tubes with both ends open, here the pressure 
could be controlled from both ends of the 
tube, and by using fluids of low viscosity 
all the difficulties due to the viscosity of 
the fluid in the tube were eliminated. 


We decided to use fluids of different vis- 
cosities. At pressures of up to 8000 kg/cm? 
we used a mixture (50% - 50%) of kerosene and 
transformer oil, The hydraulic compressor 
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producing the preliminary pressure in the 
cylinders of the equipment usually operates 
on this mixture (the increase in viscosity at 
such pressures is not very great). At the 
higher pressures needed for testing thick- 
walled tubes, the tube and the high-pressure 
cylinders were filled beforehand with 
petroleum ether, which has a low viscosity 
both at normal and at high pressures (the vis- 
cosity of petroleum ether does not increase 
very greatly on rise in pressure). 


To determine the friction between the 
pistons and the walls of the cylinders calib- 
ration was carried out according to the 
difference in the pressures (measured on the 
manometers on the low-pressure cylinders), on 
forwards and backwards movement of the 
pistons. The losses due to friction in the 
equipment described amounted to 8-12 per cent. 


II. In the tests carried out, tubes made 
from four different types of steel, viz. Nos. 
30KhGSA, 40Kh, U10 and ElalT were tested to 
failure. Fig. 2 gives data on the failure of 
tubes for all types of steel. Curve 1 shows 
the strength of tubes made from No. 30KhGSA 
steel. 


T T 
$ fi 


} + 


: 
12009 
2. kg/ent 
FIG. 2. Curves of the failure of thick-walled 
tubes, for various steels. 
1) Steel No. 30KhGSA; 2) steel No. 40Kh; 
3) Steel No. U10; 4) steel No. EIalT. 


8000 


The principal data concerning the mecha- 
nical properties of the materials used for 
making the tubes are given in Table 1. 


TABLE 1. 


Type of 


é, 9 
steel 7% 


Sg, kg/mm? Ss, kg/mm? 


30KhGSA 90 77 15 
Kh 85 73 28 

E la 60 25—28 50 


The mechanical treatment of the experi- 
mental tubes and the state of their surfaces 
were identical. 


Fig. 3 gives data concerning the failure 
of tubes of No. 30KhGSA steel subjected to 
different types of heat treatment: (a) (curve 
1) ordinary heat treatment (heating to 880°C, 
holding for 10 min, cooling in water, temper- 
ing at 650° C with holding for 1 hr, cooling 
in water; (b) (curve 2) heat treatment to 
give brittleness (additional tempering at 
540° C with holding for 4 hr). 


D 


d 


3 


12000 
A. kg/cm? 


Curves of the failure of tubes made 
3OKhGSA steel. 


FIG. 3. 
from No. 


Little difference could be observed in the 
ordinary diagrams of extension drawn from 
static tests on brittle and ductile 30KhGSA 
steel samples. As will be seen from Fig. 3, 
the experimental points for tubes with D/d=k 
where k = 1.5-3, lie on a straight line. In 
certain cases no bend was observed on the 
curves where D/d= f(p), but we should 
naturally expect to find a bend at higher 
pressures. The brittle tubes (a, = 6 kg/cm”) 
had slightly lower strengths, and failure of 
these tubes was distinctly brittle in nature. 
Fig. 4 gives comparative data concerning the 
strength of tubes made from No. U10 steel. 
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Curve 1 shows the strength of tubes in the 
annealed condition, curve 2 that of tubes 
after heat treatment to give brittleness 
(heating to 800 ° C, hardening in water, 
tempering at 160-180° C for 50 min). As will 
be seen from the figure, the brittle tubes 
have a slightly lower strength. 


d 
20 


4000 


8000 


FIG. 4. Curves of the failure of tubes made 
from No. U10 steel. 


Finally tubes made from a single bar of 
No. 40Kh steel, but subjected to different 
mechanical treatments, were tested to failure. 
In the first case treatment was by a cutter, 
and in the second by a polishing stone. Fig. 
5 gives curves illustrating the strength of 
such tubes relative to the cleanliness of the 
surface treated. It will be seen from com- 
parison of the curves that the tubes with the 
cleaner surface finish (curve 1) are from 10 
to 15 per cent stronger. 


8000 12000 


0 4000 
A kg/cm 


FIG. 5. Curves of the strength of tubes made 
from No. 40Kh steel (with various surface 


finishes). 


In experiments at ultra-high pressures 
very often tests have to be carried out on 
tubes, and also on thick-walled vessels of 
large internal diameter. The data obtained 
with tubes of low cross-section clearly can- 
not be generalized to tubes or vessels of 
large cross-section without special invest- 
igation. Experiments in this connexion were 
carried out on other equipment, to study the 
effect of the size factor on the strength of 
thick-walled tubes. In these experiments 
tests were made on tubes with an internal 
diameter of 20 mm, The external diameter of 
these tubes varied, so that the tubes con- 
tinued to resemble in shape those tested 
earlier (Fig. 6). The tubes were made from 
No. 40Kh steel. As will be seen from Figs. 

2 and 5, the points characterizing the 
strength gf tubes of large cross-section (in 
Fig. 2 these points are indicated by black 
circles, in Fig. 5 by light squares) conform 
satisfactorily with the curve obtained on 
testing tubes of low cross-section. 


FIG. 6. Tubes of various sizes, ruptured by 
internal pressure. 


It should be pointed out in conclusion 
that the experimental data obtained cannot be 
explained by any of the semi-empirical equa- 
tions proposed for the calculation of the 
breaking-pressure for thick-walled tubes [4]. 
Furthermore, theoretical work has been 
published recently in which it is recommended 
that such tubes be calculated taking the 
large elastoplastic strains into account [ 5]. 
The results obtained will be considered in 
detail and compared with calculated data 
according to the various theories of strength, 
in a subsequent paper. 


Translated by R. Hardbottle. 
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ON THE PROBLEM OF THE INFLUENCE OF HEAT TREATMENT ON THE 
SHEAR MODULUS AND THE CURIE POINT OF THE ALLOY ELINVAR 


V.V. PROPASTINA 


Penzenskii Industrial Institute 


(Received 13 March 1957, after revision - 28 August 1957) 


The alloy elinvar which possesses a high modulus of elasticity and a 
thermo-elastic coefficient which varies slightly is widely used for the 
production of hair springs in precision instrument making. As opposed to 
other alloys in which on increasing the temperature an almost linear de- 
crease in the elastic modulus occurs, in elinvar the elastic modulus is 
practically unchanged up to the Curie point and only on heating above the 
Curie point does the value of the ‘modulus decrease, 


Such anomalous behaviour of the alloy elinvar is connected with its 
ferromagnetic properties and explains the presence of the volume effect, 
brought about by the thermo-striction of the paraprocess (dA ,/dt),, which 
arises from a decrease in the vector of the spontaneous magnetization of 
the region . on heating, and the thermo-striction (dA ,/dt), governed by 
the redistribution of the vectors of the spontaneous magnetization of ‘. 
as a result of the removal of the internal elastic stresses on heating 
(2,2). These magnetic effects are particularly large at the Curie point 
when the alloy elinvar passes into the paramagnetic state. 


Under production conditions occasions are observed when springs pre- 
pared from alloys of one and the same composition have different thermo- 
elastic properties as a result of a deviation from the technological 


process of their preparation, 


A study of the influence of the technological factors on the thermo- 
elastic properties of the alloy enables the nature of the anomaiy to be 
explained more profoundly and makes it possible to use more completely the 


potential resources present in the alloy. 


In our research is posed the problem of studying the influence of heat 
treatment on the shear modulus and the Curie point of the alloy elinvar. 


SAMPLES AND THE RESEARCH METHOD 


1200° C and subsequently cooled rapidly in 

water. As is known the alloy elinvar does not 

undergo allotropic changes on heating and 

cooling. A water cool was used for quenching 
In order that the carbide phase should pass’ jp the alloying elements which had passed 

into solid solution the samples were heated into the solid solution on heating. 

to temperatures of 800, 900, 1000, 1100 and 


Wire samples of a single melt of the 
carbide forming alloy elinvar were studied. 


(see Table). 


* Fiz. metal. metalloved. 6, No. 6, 1105-1109, 1958. 
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TABLE 1. 


Element contents, % 


Mn i Ni 


Cr | WwW Pp | 


2.4 0,33 33,5 | 8,4 2.98 0.018 | 0,01 


The separation of the carbide deposits was 
carried out electrolytically on wire samples 
2 mm in diameter. The carbide powder that was 
separated was subjected to chemical, X-ray 
structural and magnetic analyses. 


The shear modulus was determined on 
samples 0.7 mm in diameter and 305 mm in 
length by a method using free torsional 
oscillations of small amplitude on an appa- 
ratus described in [3]. 


For the determination of the shear modulus 
and its temperature dependence, the wire 
sample was firmly fixed to the upper plug by a 
collet type of clamp and placed in the middle 
of a tubular furnace. The lower end of the 
sample was attached by a similar clamp on to 
a torsion rod perpendicular to which was 
fastened a beam with two inertial masses. To 
the torsion rod is fastened a mirror which 
reflects the beam from a lamp onto a scale 
situated at a distance of 3 m. The frequency 
of the oscillations was determined by the 
movement of the spot of light on the scale 
using a stop watch with an accuracy of up to 
0.1 sec. During the experiment the whole 
sample was situated in a region of uniform 
temperature, 


A connexion between the shear modulus G 
and the frequency of the free torsional 
oscillations was established by the formula 

r4 


G 


where G is the shear modulus, J the moment of 
inertia of the system, 1 the length of the 
sample, r the radius of the sample, f the 
square of the frequency of the free oscilla- 
tions. 


For constant values of l, r and IJ the shear 
modulus is proportional to the square of the 
frequency of the oscillations. Therefore when 


drawing the graphs the values of f were 
plotted. 


The temperature in the apparatus for the 
determination of the shear modulus was con- 
trolled by a thermostat in the form of a four 
arm resistance bridge circuit. The fourth arm 
of the bridge was a platinum resistance wound 
doubly under the windings of the furnace. 


The accuracy of the temperature control 
was + 0,25° C. The temperature was measured 
with a chromel-alumel thermocouple by a 
PPTV-1 potentiometer with an accuracy of 
+ 0,5° C. The calibration of the thermocouple 
was carried out using the melting points of 
pure metals. The cold junction was kept at a 
constant temperature with ice in a Dewar 
flask. The error in the measurement of the 
shear modulus within the temperature interval 
from + 20 to + 600° C was + 0.6 per cent. 


The choice of the method for determining 
the Curie point was dictated by the special 
properties of the alloy elinvar which 
possesses the large volume magnetostriction 
of the paraprocess. In methods based on the 
deflexion of the ballistic galvanometer, when 
the sample is suddenly removed from a con- 
stant magnetic field [4-7], the results of 
the experiment depend on the rate of change 
of the magnetic field and the degree of ferro- 
magnetization in the sample. Since the alloy 
elinvar is weakly ferromagnetic this method 
is not very sensitive. 


The method based on the pondermotive effect 
of the current (Akulov’s anisometer) was also 
unsuitable for thin samples of elinvar on 
account of the low sensitivity and the rather 
strong magnetic field. 


For the determination of the Curie point of 
elinvar a special apparatus was prepared (Fig. 
1) which allowed continuous observations to be 
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carried out on the changes in the magnetic 
properties of the samples, depending on the 
temperature in a variable magnetic field whose 
strength is not greater than 10 oersted and 
frequency is 50 c/s. 
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FIG. 1. Diagram of the apparatus for the 
determination of the Curie point. 


The apparatus consisted of a resistance 
furnace 1 with a double nichrome winding and 
a cooling jacket 3, a solenoid 5 and two 
induction coils 4 wound in opposite directions 
to one another. The temperature is measured 
with a copper-constantan thermocouple 6 with 
the help of a PPTV-1 potentiometer with an 
accuracy of + 0.5° C. With a definite number 
of turns and the winding in opposite direc- 
tions the induction coils do not affect the 
change in the magnetic field of the solenoid. 
If the sample 2 is placed in one of the coils 
then there arises a difference in the e.m.f. 
which is measured by a microammeter. The 
value, corresponding to the magnetization, 
was measured by the number of divisions 
through which the pointer of the ammeter, 


included in the circuit of the induction coils, 
was moved. On heating the sample, owing to 

the loss of ferromagnetic properties, the 
reading of the microammeter decreased and at 
the Curie point the needle of the microammeter 
returned to zero. 


RESULTS OF THE OBSERVATIONS AND A 
DISCUSSION OF THEM 


In the unquenched state the alloy, elinvar, 
studied contained 12.1 per cent of carbides 
distributed both along the grain boundaries 
and within the grains of the solid solution. 
An analysis of the electrolytically separated 
carbide precipitates showed that the non- 
ferromagnetic trigonal carbide of elinvar of 
the type (Fe, Cr, W, Mn) C has lattice para- 
meters: a = 13.978 A, c = 4.505 A, 


It was established that on raising the 
hardening temperature the lattice parameters 
of the carbides and their chemical composi- 
tion do not change. 


antity of carbide 


the annealing temperature °C 
anneal 


FIG. 2. The dependence of the carbide phase 
content of the alloy elinvar on the quenching 
temperature. 
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FIG. 3. The dependence of the quantity equi- 
valent to the magnetization on the quantity 
of the free carbide phase. 
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In Fig. 2 is shown the dependence of the 
composition of the carbide phase on the 
hardening temperature of the alloy. On in- 
creasing the hardening temperature the 
quantity of the free carbide phase decreases. 
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FIG. 4. The dependence of the lattice para- 
meter of the solid solution of the alloy 
elinvar and the Curie point on the quenching 
temperature: the Curie point; 2 - the 
lattice parameter. 
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FIG. 5. The dependence of the shear modulus 
of elinvar on the quantity of the carbide 
phase. 


In Fig. 3 is shown the dependence of the 
quantity, equivalent to the magnetization, 
on the amount of the free carbide phase. As 
is seen from Fig. 3 on 5 per cent of the 
carbide phase passing into solid solution 
the magnetization of the alloy decreases by 
50 per cent. The dependence of the lattice 
parameter of the solid solution of the alloy 
elinvar and the Curie point on the hardening 
temperature is shown in Fig. 4. From Fig. 4 
it is seen that a rise in the hardening 
temperature leads to an increase in the 
lattice parameters of the solid solution of 
the alloy and a decrease for the Curie point. 


If the temperature to which the alloy is 
heated is raised before quenching the solubil- 
ity of the carbide phase in the solid solu- 
tion is increased as a result of which the 
phase composition of the alloy is changed. A 
decrease in the quantity of the carbide phase 
brings about the reduction of the shear 
modulus (Fig. 5). The value of the shear 
modulus corresponding to the absence of the 
carbide phase was obtained for samples de- 
carburized in a stream of hydrogen at a 
temperature of 1150° C. From Fig. 5 it fdllows 
that on decreasing the carbide content in the 
alloy from 12.1 per cent to zero the shear 
modulus decreases by 26 per cent. 


From the results given it follows that in 
the heterogeneous alloy, elinvar, the shear 
modulus changes according to the additive 
principle thus the greatest influence on the 
value of the modulus is exerted by the 
carbide phase. A similar change in the shear 
modulus was also observed in other hetero- 
geneous alloys containing carbides [8]. 


Temperature of the 
Curie point °C 


Carbide content % 


FIG. 6. The dependence of the Curie point of 
the alloy elinvar on the carbide phase content. 


The carbides dissolving in the solid solu- 
tion enrich it with chrome, vanadium and 
Manganese; moreover, on decreasing the 
quantity of the carbides, the magnetization 
of the solid solution is reduced (q.v. Fig.3) 
and the Curie point falls (Fig. 6). On 1 per 
cent of the carbide phase passing into solid 
solution (Fig. 6) the Curie point falls on 
the average by 17° C. Since the carbide of 
the alloy, elinvar, is not ferromagnetic, the 
Curie point corresponds to the solid solution 
of the alloy. 
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A variation in the phase composition of 
the alloy elinvar brings about a variation 
in the anomaly of its shear modulus, which 
one can evaluate by the relative value of the 
modulus in a given temperature range. 


The relative value of the shear modulus is 
determined from graphs of the temperature 
dependence of the modulus according to the 
formula: A G/G,5, where G= G, - G,), G, is 
the value of the modulus at a given tempera- 
ture, G5 is the value of the shear modulus 
at 20°C. 


If on heating the shear modulus does not 
change then its relative value is equal to 
zero. Consequently a zero value for the 
relative value of the modulus in a given 
temperature range will serve as a measure of 
its stability. 


Each quenching temperature has its range 
of temperature for which a zero value for the 
relative value of the shear modulus exists. 
We have established that the highest tempera- 
ture to which the zero value for the relative 
value of the shear modulus exists, practically 
coincides with the Curie temperature. 


The coincidence of the temperatures up to 
which the zero value for the relative value 
of the modulus AG/G,, exists and the Curie 
point, permits one to conclude that the 
anomaly of the shear modulus remains until the 
solid solution of the alloy is in the ferro- 
magnetic state. 


A fall in the Curie point of the alloy on 
raising the hardening temperature is linked 
with a decrease in the exchange interaction 
brought about by the introduction of comple- 
mentary atoms, Cr, W, Mn and C into the 
lattice of the solid solution, which, besides 
increasing the interatomic distances (Fig. 4), 
apparently lead to a change of state of the 
3d and 4s electrons and cause a reduction 
in the number of electron spins taking part 
in the ferromagnetism of the solid solution 
of the alloy, This is confirmed by a reduction 
in the magnetization of the alloy (Fig. 3) 
with an increase in the amount of the carbide 
phase in solid solution. 


CONCLUSIONS 


1. Raising the hardening temperature brings 
about a chamge in the phase composition of 
the alloy and considerably affects the value 
of the shear modulus and its anomaly. 


2. The value of the shear modulus ot the 
alloy elinvar depends on the quantity of the 
carbide phase. 


3. The anomaly of the shear modulus is de- 
termined by the composition of the ferro- 
magnetic solid solution of the alloy elinvar. 


4. Carbon in the carbide-forming alloy 
elinvar performs a dual role: 


a) binding the alloying elements into 
the complex trigonal carbide helps 
to increase the modulus; 


weakening the solid solution of the 
alloying elements (Cr, W, Mn) helps 
to raise the Curie point of the 
solid solution and also increases 
the anomaly of the modulus. 


5. Since a change in the Curie point is 
related to a change in the quantity of the 
carbides then its determination can be used 
as a method of phase analysis for the alloy 
elinvar. 


Translated by J.H. Dempster. 
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Research into the question of the solubility of carbon and nitrogen in 
technically produced iron is of considerable theoretical and practical 
interest, in particular for an explanation of the nature of such phenomena 
as temper brittleness, ageing and blue fracture. 


In the literature the idea is continually put forward that the cause of 
temper brittleness is the influence of the alloying elements on the 
solubility of carbon in alpha-iron [1,2]. However, as far as we know, there 
are no direct experimental results on this problem because research on the 
solubility of carbon in alpha-iron is complicated by the small amount of 
it in the solid solution [3]. 


Recently, studies of the behaviour of carbon and nitrogen in solid solu- 
tions have been made by the method of internal friction [4-6] which is based 
on the appearance of distinct peaks of the internal friction depending on 
the temperature. At a frequency of oscillation of about 1 c/s in pure iron a 
peak appears (20° C) which is associated with nitrogen and a peak (36° C) 
associated with carbon. Snoek [7] showed that this effect disappears on the 
complete removal of carbon and nitrogen; consequently peaks of the internal 
friction are controlled by the presence of atoms of these elements embedded 
within the lattice. The source of the effect described above was explained 


by these. 


From the theory of the low temperature anomaly of internal friction it 
follows that the size of the peak of the internal friction is proportional 
to the number of atoms of carbon and nitrogen in the solid solution, if their 
concentration is small, independently of the form and dimensions of the 
surplus phase (carbides and nitrides). This opens wide opportunities for 
research into the processes of the disperion of solid solutions of carbon 
and nitrogen in alpha-iron and the influence of different alloying elements 
on the solubility of carbon and nitrogen in alpha-iron. 


* The object of the present work is the study of the effect of manganese and 
molybdenum on the character of the decomposition of a solid solution of 

carbon in alpha-iron and the construction of the high temperature part of the 
graph for the solubility of carbon in iron in the presence of these elements. 


* Fiz. metal. metalloved. 6, No. 6, 1110-1121, 1958. 


| | 


Solubility of carbon 


MATERIALS AND METHODS USED IN 
THE RESEARCH 


It is known [8] that manganese is an ele- 
ment which increases considerably the 
susceptibility of steel to temper brittleness 
while molybdenum sharply reduces the suscept- 
ibility of steel to temper brittleness when 
the steel contains 0.4-0.5 per cent of it 
[9]. Therefore we chose alloys containing 
0.75% manganese and 0.4% molybdenum for the 


study. 


The experimental melts were carried out in 
such a way that two bars were obtained from 
each melt: one bar - technically pure iron, 
the second - iron alloyed with the given ele- 
ment. The alloys were prepared in an induc- 
tion vacuum furnace of the type OKB-264A 
TsNIICHM.* The bars were given a diffusion 
homogenization lasting 24 hr at a temperature 
of 1200° C and were forged into rods 8 mm in 
diameter. 


The raw material for the experiments was 
wire 0.7 mm in diameter obtained by means of 
drawing polished prepared samples. The 
chemical composition of the experimental 
alloys is given in the table. 


The measurement of the internal friction 
was carried out in the laboratory of the 
Moscow Institute of Steel on an apparatus of 
the type RKF-MIS-1 [20,28]. 


TABLE 1 


(1) 


where Q! is the internal friction; A and A, 
the initial and final amplitudes; n the number 
of oscillations completed by the system while 
the amplitude decreases from the initial to 
the final value. 


The apparatus indicated enables one to 
examine in a vacuum the temperature dependence 
of the internal friction with an oscillation 
frequency of 1 c/s. Control of the tempera- 
ture is carried out using a photoelectric 
thermostat with an accuracy of + 0.5° C. The 
accuracy of the measurement of the internal 
friction is estimated by us at + 3-5 per cent. 


In the investigation, wire samples 310 mm 
in length and 0.7 mm in diameter were used 
which were subjected to a normalization in 
vacuo (~~10~* mm Hg) at a temperature of 
920° C for 0.5 hr followed by a furnace cool 
to 500° C and then air cooled before final 
heat treatment. 


The construction of the graph of the 
limited solubility of carbon in alpha-iron 
was carried out according to the method worked 
out in [5, 6]. As has already been pointed 
out the maximum of the internal friction (at 
36° C) for alpha-iron is proportional to the 
quantity of carbon in the solid solution that 
is: 


Chemical composition of the experimental alloys. 


Content of the elements. % 


No. of 
the 
melt. 


N H 


92—1 
92—2 
93—1 
93—2 


0 ,003/0 .0006 
0 .005|0 ,0004 
0 ,006|0 .0003 
0 ,003)0 .0002 


The logarithmic decrement divided by 7 was 
taken as a measure of the internal frictioz. 
Calculations were carried out according to 
the formula 


* Melting was carried out with the help of 
A.V. Yemyashev. 


% C = K+ 


where K is the coefficient of proportionality, 
.. the internal friction at the temperature 
of the maximum less the "background", i.e. 
the amount of the internal friction which 
depends on defects in the sample and on other 
external factors. Various researchers estimate 
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0.03 0.75 0.09 0.006 0,03 | 0,006 
0.03 0.04 0.05 0,006 0.03 — | 0,009 
0.03 0.04 0.06 0.007 0.03 0.40 | 0,002 
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the value of K to be from 1 [6] to 1.33 [11]. 
Such a difference in the estimation of the 
coefficient is associated with the presence 
of a texture in the samples [7]. Therefore for 
an estimation of the solubility it is best to 


use the relative value of a 


Thus the determination of the solubility 
comes down to the determination of the value 
of he after different heat treatments. We 
have determined the solubility of carbon and 
in some cases the solubility of carbon and 
nitrogen together at the temperatures for 
the fastest development of the processes lead- 
ing to temper brittleness (at temperatures of 
720, 650 and 550° C). For this purpose the 
samples were quenched in water from 720° C 
with different induction periods (up to the 
stabilization of the peak) and consequently 
the temperature graph of the internal friction 
was taken. Then after establishing the 
optimum induction period at 720° C, the 
samples were water quenched from 720° C after 
the optimum induction period and consequently 
annealed at the temperatures being studied 
with different induction periods (again to 
the stabilization of the peak) and water 
cooled. Heating of the samples was carried 
out in a tubular furnace. For protection from 
decarburization and from warping on quenching 
a tube was used into which the sample was 
firmly pressed. The temperature was controlled 
with an accuracy of + 1° C. 


As special experiments showed this method 
of hardening fully ensures against decarburi- 
zation, and hardening the sample in a vacuum 
by the indicated method gives similar results. 
The deductions about the possibility of using 
the sample many times [6] were also confirmed 
and also the conclusions [12] about the im- 
possibility of using one sample for the study 
of the solubility of carbon or nitrogen in 
alpha-iron. Therefore a qualitative picture 
is obtained with the use of different samples 
but the kinetic process and accurate results 
on the solubility - with the use of one sample. 


THE RESULTS OF THE RESEARCH AND 
THEIR DISCUSSION 


(a) The influence of manganese on the 


solubility of alpha-iron. Typical graphs of 
the temperature dependence of the internal 
friction for the melts 92-1 and 92-2 (Fig. 1 
a, 6b) show the dependence of the internal 
friction for the temperatures: 720, 650 and 
550° C for heat treatment with the optimum 
induction period, i.e. at the stabilization 
of the peak. 
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FIG. 1. The temperature dependence of the 
internal friction. a- melt 92-1 (iron): 

1 - quench 720°C, 5 min water cool; 2 - quench 
720°C, 5 min water cool + anneal 650°C, 

70 min water cool; 3- quench 720°C, 10 min 
water cool + anneal 550°C, 60 min water cool. 


b - melt 92-2 (iron + 0.75% manganese); 


1 - quench 720°C, 5 min water cool; 2- quench 
720°C, 5 min water cool + anneal 650°C, 60 
min water cool; 3- quench 720°C, 5 min water 
cool + anneal 550°C, 80 min water cool. 


In the case of pure iron (Fig. la) the 
maximum of the internal friction occurs at 
36° C. The position of this maximum along the 
temperature scale indicates that we are deal- 
ing with the "carbon" maximum. 
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On alloying with 0.75% manganese the 
maximum moves only by 4° C and lies at 40° C 
(Fig. 1b). Consequently the temperature at 
which the internal friction reaches a maximum, 
(i.e. at which the time of relaxation for the 
diffusion process of carbon is equal to 
1/27 f, where f is the oscillation frequency 
of the sample), increases insignificantly on 
increasing the concentration of the manganese 
from 0.04 to 0.75 per cent. This shows [7] 
that the rate of the transfer of atoms in the 
diffusion of carbon on alloying with manganese 
in quantities up to 0.75 per cent changes 
little. Alloying with manganese reduces the 
solubility of carbon in alpha-iron at all the 
temperatures studied. 


b c 


=e 
+2, 
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O 10 200 @ Y 60 0 240 60 % 

Time maintained, min 

FIG. 2. The dependence of the maximum of the 
internal friction on the induction period at 
temperatures: a- 720°C; -650°C; - 550°C; 
1-melt 92-1 (iron), 2—melt 92-2 (iron + 
0.75% Mn). 


(Fig. 2 shows the variation of the maximum of 
the internal friction depending on the induc- 
tion period at the temperatures 720, 650 and 
550° C). Ignoring the time dependence of the 
graphs and considering only the values of the 
maximum of the internal friction after stabil- 
ization, we see that the solubility of carbon 
in alpha-iron at all the temperatures studied 
is almost twice as big as in iron alloyed 

with 0.75% manganese. The course of the limit- 
ing solubility curves is given in Fig. 5. 


Thus by alloying with manganese in 
quantities up to 0.75 per cent the solubility 
of carbon in iron is reduced. It is possible, 
in our opinion, to explain the arguments from 
theoretical grounds which were developed in 
articles by N.S. Fastov and B.N. Finkel’ stein 
[10]. In this work it is shown that on in- 
creasing the content of the alloying element 
in the gamma-solid solution the solubility of 
carbon decreases. It is possible that such 
laws apply in the alpha-solid solution. 


(b) The influence of manganese on the 
kinetics of the precipitation of carbon from 
alpha-iron. As is seen from Fig. 2 the pre- 
cipitation of carbon from pure iron and that 
alloyed with 0.75% manganese proceed diffe- 
rently. In the case of pure iron the process 
of the precipitation of all the superfluous 
carbon is completed during the first minute 
at all the temperatures studied. On alloying 


ak b 
15 25 


10 30 50 70 90 H0 13020 4O 60 80 100 120 
Temperature of measurement, °C 
FIG. 3. The temperature dependence of the in-, 

ternal friction: 


a-melt 93-1 (iron). 


1 -quench 720°C, 15 min water cool; 2- quench 
720°C, 5 min water cool + anneal 650°C, 15 
min water cool; 3- quench 720°C, 5 min water 
cool + anneal 550°C, 15 min water cool. 


b- melt 93-2 (iron + 0.4% Mo); 


1- quench 720°C, 15 min water cool; 2- quench 
720°C, 10 min water cool + anneal at 650°C, 
40 min water cool; 3- quench 720°C, 10 min 
water cool + anneal 550°C, 25 min water cool. 


iron with up to 0.75% manganese the precipi- 
tation process is retarded (Fig. 2b, c). 

In this case an incubation period of up to 

35 min occurs. The following precipitation 
process proceeds sufficiently intensively and 
is completed in the course of 15 or 25 min (at 
650 and 550° C respectively). 


The retarding effect of a quantity of 0.5% 
manganese on the precipitation of nitrogen at 
100° C is mentioned in reference [13]. As 
regards its action on the precipitation of 
carbon these same authors do not mention a 
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delay in the precipitation of carbon at 100°C. 
It is possible that this is linked with the 
fact that in the given work the kinetics of 
the process were not studied in detail but 
only two induction periods were studied - 1 
and 3 hr at 100° Cc. 


To estimate the speed of the diffusion 
processes and to determine the limiting branch 
of the process in the case of iron alloyed 
with 0.75% manganese, we carried out a deter- 
mination of the activation energy for the 
diffusion of carbon and calculated the activ- 
ation energy for the precipitation process. 


As is known [14] by the method of internal 
friction it is possible to estimate the activ- 
ation energy of relaxation processes very 
accurately. This is achieved by means of 
measuring the temperature dependence of the 
internal friction of one and the same sample 
at different oscillating frequencies. Under 
these conditions the heights of the maxima in 
both cases remain constant but the tempera- 
tures at which they appear will be different. 
If the curves obtained can be combined one 
with the other by means of an horizontal dis- 
Placement then this testifies that the given 
relaxation process is characterized by one 
value of the activation energy. In our case a 
variation in the frequency brings about a 
small change in the form of the graph, accord- 
ing to these results we find the average value 
for the free energy [7]. The calculation is 
carried out according to the formula: 


2,3R ¢ T, 
T2—T, 


log (3) 


where H is the activation energy; R is the 
gas constant; T, and T, are absolute tempera- 
tures at which the maxima occur; f, and iD) 
are the oscillating frequencies. In our case 
fo/fy = 3.16. For the melts 92-1 (iron) 

T, = 313° K, T, = 303° K. 


For iron of the 92-1 melt an activation 
energy for the diffusion of carbon, H = 22000 
+ 1000 cal/mole, is obtained. For the melt, 
92-2 (iron + 0.75% manganese) T, = 319° K, 
T= 307° K, the activation energy for the 
diffusion of carbon is H = 19000 + 1000 cal/ 
mole. 


The results obtained from the activation 
energy of the diffusion process of carbon in 
alpha-ferrite are in good agreement with the 
values in the references which were obtained 
by the method of internal friction [7,12] and 
using a radioactive isotope of carbon [10]. 


It is obvious that the diffusion of carbon 
is not impeded by the presence of 0.75% 
Manganese. The activation energy of the 
process of the decomposition of the alpha- 
stable solution is determined from the kinetic 
graphs (Fig. 2b, c) and by calculation. 


On determining the activation energy from 
the kinetic graphs we proceed from the pro- 
position that the speed of the decomposition 
process with time obeys the relation 


Hyp 


(4) 


where t is the time corresponding to a 
definite degree of decomposition. The known 
processes for the decomposition of solid so- 
lutions obey the relationship given and it is 
widely used in reference [15]. 


In order to find the activation energy of 
the process the time was determined during 
which a definite fraction F of the carbon 
dissolved in it separated from the solid so- 
lution at a given holding temperature. The 
fraction of the carbon separated was deter- 
mined by a formula suggested by Wert [16]: 


(5) 


where | is the value for the maximum of 
the internal friction at the given moment, 
o;* is the initial value of the maximum of 
the internal friction. Moreover graphs were 
drawn with the co-ordinates ln 1/t and 10°/7, 
where T is the annealing temperature of the 
samples on the absolute scale, and ¢ is the 
time during which the precipitation of some 
fraction of the carbon took place. Graphs 
were drawn for F = 0.3, 0.5 and 0.7 i.e. for 
those occasions when the rate of the decom- 
position was constant and therefore formula 
(4) was valid. The values obtained lay on 
straight lines which were disposed parallel 
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to one another. The activation energy for the 
decomposition process of the solid solution 
of the melt 92-2 (iron + 0.75% manganese), 
which was determined from the slope of these 
straight lines, was equal to 


Any = 23700 + 1500 cal/mole. 


In the method of calculation a formula given 
in the reference [12] is used 


(6) 


loge: 


where c, is the concentration of the dissolved 
atoms or the quantity Q7>, proportional to 
it, at the annealing temperature T, and at 
the time t; cy is at the same time t but at 
the temperature T,. The concentrations cy and 


c, are calculated by the formula 


(7) 


Co— Cp 


where fo is the non-equilibrium concentration 
(initial); c, is the concentration at a given 
moment; c_ is the equilibrium concentration 
(final). Eaiculated by this formula the 
energy of the decomposition process at the 
time 4, 6 and 9 min after the start of the 
decomposition was equal to t. = 16,000 cal/ 
mole, 


It must be mentioned that the value obtained 
for the activation energy is obviously low 
since the formula given is valid only for the 
moment of the maximum decomposition and this 
is difficult to establish from the graphs of 
Fig. 2b, c. 


From the results given it is seen that the 
activation energy for the decomposition pro- 
cess (16,000-23,700 cal/mole) and the free 
energy for the diffusion of carbon (19,000 cal/ 
mole) are in good agreement. Hence it may be 
concluded that the indicated process being 
the first stage of the decomposition is de- 
termined by the diffusion of carbon. This 
conclusion agrees well with the results given 
in the references on the course of the initial 
stages of the decomposition of solid solutions 


{15,17]. Thus Arbuzov [15] studying the 
kinetics of the growth of carbide particles 
of the carbon steel (U10) at temperatures of 
450, 500 and 550° C established that during 
an annealing time of 1-1.5 hr the rate of the 
process is determined by the activation energy, 
equal to 21,000 cal/mole, i.e. the initial 
stage of the anneal is determined by the 
diffusion of carbon. In the work [17] it is 
established that the first stage of the anneal 
is not impeded by the presence of alloying 
elements which confirms our results on the 
absence of the effect of 0.75% manganese, and 
also, as we shall see later, of 0.4% molyb- 
denum on the diffusion of carbon. 


Hyam and Nutting [18] also communicate that 
the initial stage of the anneal is determined 
by a process with an activation energy of 
12,000 cal/mole, i.e. the diffusion of carbon. 
Thus the retarding effect of manganese on the 
decomposition process of the solid solution 
of carbon in alpha-iron and the appearance of 
an incubation period cannot be explained by 
the fact that manganese impedes the diffusion 
of carbon. 


In our opinion the appearance of the in- 
cubation period is linked with the fact that 
the addition of manganese slows the rate of 
nucleation influencing the work of nucleation. 
It is known [19] that the work for the form- 
ation of an equilibrium nucleus is directly 
proportional to the surface energy on the 
boundary of the division between the nucleus 
and the matrix. On the other hand it is also 
known [7] that the surface energy is pro- 
portional to the strength of the chemical 
bond between the atoms. 

Thus the work of nucleation is determined 
by the strength of the chemical bond between 
the atoms, but on the creation of a nucleus 
of the new phase, reconstruction of the old 
lattice (alpha-iron) into the new one 
(carbide) has to take place, i.e. movement of 
the iron atoms occurs. The process of moving 
the iron atoms in the presence of manganese 
should be slowed severely since manganese in- 
creases the bond strength in the alpha-iron 
lattice considerably [10]. 


Apart from the influence mentioned of 
manganese on the kinetics of the process, 
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which is expressed in the appearance of the 
incubation period, the presence of 0.75% 
Manganese increases the relative quantity of 
the new phase which separates out on slow 
cooling. So on cooling from 650 to 550° C in 
pure iron the relative quantities of the phase 
separating out calculated according to form- 
ula (5), is equal to 5 per cent, and with 

iron alloyed with 0.75% manganese, 16 per 
cent. 

(c) The effect of molybdenum on the solubil- 
ity of carbon in alpha-iron. The dependence 
of the internal friction on the temperature 
of measurement for samples from melt 93-1 
(iron) and melt 93-2 (iron + 0.4% molybdenum) 
is shown in Fig. 3a, b respectively. Here 
the dependence of the internal friction is 
given after heat treatment at temperatures of 
720, 650 and 550° C with the optimum induction 
period, i.e. with those induction periods 
which ensure stabilization of the peak. 


As is seen from Fig. 3a, a considerably 
higher peak is observed for the 93-1 melt than 
for the 92-1 melt; the maximum is displaced 
to a lower temperature and lies at 25° C. An 
explanation of this fact must in all probabil- 
ity be attributed to the difference in the 
chemical compositions of these two melts. 


As is seen from Table 1 the 93-1 melt in 
comparison with the 92-1 melt has an increased 
nitrogen and oxygen content (double in the 
case of nitrogen and almost double in the 
case of oxygen). The common effect of these 


two elements obviously also explains the 
observed difference in the two melts of iron 


as regards the total solubility of carbon and 
nitrogen and the position of the maxima. 

Iron alloyed with 0.4% molybdenum shifts 
the maximum to 38° C, i.e. displaces it almost 
to the same extent as alloying with 0.75% 
Manganese (the displacement mentioned must be 
considered in relation to the iron in the 
melt 92-1, because iron in the melt 93-1 has 
an increased content of nitrogen and oxygen). 
Hence it follows that alloying with 0.4% 
molybdenum also tells iittle about the mobil- 
ity of the carbon atoms, 


In Fig. 4 the variation of the maximum of 
the internal friction is shown depending on 
the induction period at temperatures of 720, 


650 and 550° C. At all the temperatures 
studied the solubility of carbon alloyed with 
0.4% molybdenum decreases in comparison with 
pure iron. From Fig. 4a it follows also 

that at 720° C the stabilization of the peak 
advances only after an holding period of 5 
min for samples of the 93-2 melt. This 
indicates that the carbide formed during the 
anneal is much more stable than, for example, 
in an alloy of 0.75% manganese. 

The general course of the graph of the 
solubility is given in Fig. 5. The solubility 
falls especially sharply on alloying with 
0.4% molybdenum in the temperature region 
720-650° C. At lower temperatures the solubil- 
ity changes slightly. According to the observ- 
ations of Piguzov a similar form of the curve 
for the solubility is observed in technically 
pure iron alloyed with up to 1% chrome. A 
decrease in the solubility of carbon in the 
presence of 0.4% molybdenum is explained by 
the same rules as in the case of the presence 
of manganese: the addition of molybdenum atoms 
to the solid solution leads to a reduction in 
the carbon concentration in the solution if 
the product (% Mo).(% C) = const, which maybe 
proposed on the grounds of reference [10]. 


On alloying molybdenum with iron the 
solubility of carbon depends greatly on the 
form of the carbides present (Fig. 6). If the 
sample is annealed after quenching from 720°C 
at 650-550° C for 40-50 min, then as graph 4 


shows a new quench from 720° C does not re- 
store the former solubility (q.v. graph 1). 
The former solubility is restored neither by 
heat treatment at 900-1000° C for 5 hr nor 
by means of a water quench from 1000° C 
(graphs 2 and 3). 


a 
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FIG. 4. The dependence of the maximum of the 
internal friction on the induction period for 
the temperatures: a- 720°C; b- 658°C; - 550°C; 
1-melt 93-1 (iron); 2-melt 93-2 (iron 0.4% Mo). 
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FIG. 5. Graphs of the limit of solubility. 


Thus it may be concluded that annealing 
at 650-550° C leads in a certain time 
(apparently in 40-60 min) to the formation 
of a special molybdenum carbide. The presence 
of such a carbide almost wholly suppresses 
the thermal solubility of carbon in alpha- 
iron in the region 720-550° C. 


(d) The effect of molybdenum on the 
kinetics of the separation of carbon from 
alpha-iron. The kinetics of the given process 
can be followed on Fig. 4a, c. The presence 
of 0.4% molybdenum does not have a large re- 
tarding effect on the decomposition of the 
solid solution. In the given case the in- 
cubation period is absent and the whole pro- 
cess is completed in 30 or 15 min (at 650 and 
550° C respectively). The faster course of 
the process at 550° C compared with that at 
650° C can be explained by the fact that at 
550° C the system is farther from the equil- 
ibrium state which accelerates the process. 
The determination of the activation energy 
for the diffusion of carbon and the estimation 
of the activation energy of the process is 
carried out by the methods described earlier. 


The following results were obtained in 
estimating the activation energy for the 
diffusion of carbon. For iron from the 93-1 
melt: f,/f, = 3.33, T, = 302° K, T,=293° K 
and the activation energy H = 23,600*% 1000 
cal/mole. For the 93-2 melt (iron + 0.4% 
molybdenum): f,/f, = 3.08; T, = 318° K; T, = 
306° K; the activation energy H = 19000 + 
1000 cal/mole. 

From these results it is seen that the 
diffusion of carbon is not impeded by the 
presence of 0.4% molybdenum. This conclusion 
agrees with results in reference [17] from 
which it follows that the activation energy 
of the first stage of decomposition of the 
alloyed steel does not differ from the plain 
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carbon steel and is of the same order as the 
diffusion of carbon. 


The determination of the activation energy 
of the decomposition process,according to the 
kinetic curves (Fig. 4b, c) was carried out 
from the extrapolated parts of the graphs 
(dotted) since in the later stages of the de- 
composition (obtained directly from experi- 
ment) the relation (4) is not fulfilled and 
calculation is not possible. Therefore the 
activation energy determined by this method, 
for the decomposition process of the alpha- 
solution alloyed with 0.4% molybdenum has an 
approximate character but nevertheless the 
order of the quantity may be estimated. 


The activation energy of the decomposition 
process of the solid solution of the 93-2 
melt (iron + 0.4% molybdenum) is equal to 
H,,p= 24000 + 1500 cal/mole. By calculation the 
activation energy of the decomposition of the 
given solid solution is estimated as15,000+ 
1000 cal/mole. From these results it follows 
that in the given case the initial stage of 
the decomposition of the supersaturated solid 
solution is determined by the diffusion of 
the carbon, 


100 


Mai: iN 
3 


910 30 50 70 90 WO 
Temperature of measurement, °C 


FIG. 6. The temperature dependence of the 
internal friction of the alloy 93-2 after 
various heat treatments: 1- quench 720°C, 
15 min water cool; 2-the same + anneal 
650°C, 40 min water cool; quench 1000°C, 
11 min water cool; 3- the same as (1) + 
anneal 650°C, 40 min water cool; temper 
1000°C, 5 hr, quench 720°C, 25 min water 
cool; 4-the same as in (1) + anneal 
650°C, 40 min water cool; quench 720°C, 
25 min water cool. 

It is interesting to note that 0.4% molyb- 
denum does not cause the appearance of an 
incubation period. This result is in good 
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agreement with the results of reference [10] 
from which it is seen that the presence of 
0.4% molybdenum only increases the bond 
strength in the alpha-iron lattice slightly 
and therefore does not exert a retarding 
influence on the rate of nucleation. 


It must be noted also (q.v. Fig. 5) that 
in the presence of 0.4% molybdenum the 
quantity of the phase separating on cooling 
from 650 to 550° C does not increase in com- 
parison with the unalloyed iron. In pure iron 
8 per cent of the new phase is precipitated 
but in iron alloyed with 0.4% molybdenum - 9 
per cent. 


THE POSSIBLE MECHANISM OF THE 
INFLUENCE OF MANGANESE AND 
MOLYBDENUM ON TEMPER 
BRITTLENESS OF THE 
SECOND TYPE 


The influence of manganese, deduced from 
the results obtained, may be explained in the 
following way: 


The presence of manganese in the solid 
solution retards the decomposition of the 
solution. Therefore on slow cooling steel 
from high temperature anneal the finely dis- 
persed precipitation of the new phase occurs 
much later than in steel without manganese. 
The relative quantity of the new phase which 
is precipitated in the presence of, for 
example, 0.75% manganese is increased three- 
fold in comparison with pure iron. After the 
precipitation of the finely dispersed 
carbides (the precipitation of carbides of 
the cementite type can be judged from the 
results of references [2,21] ) coalescence 
begins. This process is in agreement with the 
latest results [18] and is controlled by the 
self-diffusion of iron atoms and depends 
therefore on the strengths of the bonds in 
the lattice. Manganese greatly increases the 
bond strength in the lattice [10], impedes 
the self-diffusion of the iron and therefore 
retards the process of coalescence. Such, in 
our opinion, is the mechanism of the influence 
of manganese on the process of the precipit- 
ation of the carbide phase in the volume of 
the grains. 


On the other hand it is seen that the 
total carbon content in the solid solution in 
the presence of 0.75% manganese is reduced 
while, it is known that the embrittlement in- 
creases. This, in our opinion, indicates that 
the carbon is distributed unevenly over the 
volume of the grain. At present it is estab- 
lished by the method of internal friction 
[22] that carbon enriches the boundaries of 
the grains and crystals and various dis- 
ordered places in the lattice. Thus it may be 
proposed, as Arkharov [23] does, that the 
form of the temperature variation of the 
volume and the boundary solubility is similar. 


Hence it follows that in the boundary 
zones the same processes will be carried out 
as in the volume, i.e. the precipitation of 
the finely dispersed carbides due to the 
variable solubility and their consequent 
coagulation, the kinetics of which will be 
determined by the degree of embrittlement. 

The presence in the steel of an optimum 
quantity of molybdenum (0.4 per cent) leads 
to the following course in the decomposition | 
process. A delay in the decomposition of the 
solid solution is completely absent. The de- 
composition, as in the case of pure iron, 
begins in the first minutes of the induction 
period. Thus the relative quantity of the 
precipitated phase is not increased in com- 
parison with pure iron, The absence of a 
delay in the decomposition of the solid solu- 
tion indicates that the bond strength in the 
iron lattice changes little on alloying with 
0.4% molybdenum. This is confirmed by the 
results in reference [10] and also [24] in 
which it is shown that the activation energy 
of the self-diffusion of iron in an alloy 
with a low molybdenum content hardly differs 
from the activation energy for the self- 
diffusion of iron in pure iron. 


The weak influence on the bond strengths 
of the iroff lattice should lead to the fact 
that in the presence of molybdenum an intense 
process of coalescence of the ordinary 
carbides being precipitated will take place 
[25]. Results from electron microscopy con- 
firm this position. Thus in reference [2] it 
is shown that in 94KhGZM steel (0.3 Mo) the 
carbides are distributed in the form of 


individual coarse particles. 


In the case of the presence of 0.4% molyb- 


denum the carbon content is also considerably — 


reduced in the solid solution. In all pro- 
bability and in the given case there is 
carbon enrichment of the dividing boundaries 
and here also the decomposition processes of 
the solid solution due to the variable 
solubility are developed but their kinetics 
differ little from the kinetics of the decom- 
position in the unalloyed alloy, i.e. rapid 
coalescence occurs, 

Intensive coalescence is possible only 
when almost all the molybdenum is present in 
the solid solution which is realized more 
completely with 0.4-0.5% [9]. In the other 
case the second stage of the decomposition, 
connected with the coalescence is protracted 
[26] and the influence of the molybdenum 
disappears which is observed in practice [9]. 


of ordinary carbides. 


In the case of the formation of a special 
carbide during annealing, and this occurss 
sooner or later according to our results even 
with a content of 0.4% molybdenum, a decrease 
in the solubility of the carbon in the alpha- 
iron is observed and the absence of the 
separation of a superfluous phase. 


Thus the influence of manganese and molyb- 
denum on the temper brittleness consists of 
the following. 


(1) In the presence of these elements the 
temperature variation of the solubility of 
carbon is altered in the grain volume and, 
apparently, at the grain boundaries of the 
alpha-iron, which fact increases (in the 
presence of manganese) or decreases (in the 
presence of 0.4% molybdenum) the relative 
quantity of the carbides separating out on 
slow cooling. In certain cases the presence 
of special carbides of molybdenum nearly 
"suppress" the solubility. 


(2) The presence of these elements has 
different effects on the kinetics of the pro- 
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Thus the process continues in the formation 


cess of the separation of carbon from alpha- 
iron: manganese retards and molybdenum does 
not retard the separation in relation to pure 
iron. Even the kinetics of the process can 
play an important role in the development of 
the embrittlement, which is indicated in the 
results of reference [27]. 


It must be mentioned that an important 
role in the development of the embrittlement 
may be played by intercrystalline liquation 
of the alloying elements, as Arkharov [23] 
suggests, but the essence of the phenomenon 
of embrittlement is linked, in our opinion, 
to the kinetic separation and in particular 


with the coalescence of the superfluous phases 


at the grain boundaries. 


The authors express their thanks to B.N. 
Finkel’ shtein and Yu.V. Piguzov for their 


valuable advice and constant interest in the 


work, 


CONCLUSION 


{1) The effect of manganese and molybdenum 
on the solubility of carbon in alpha-iron 
has been studied by the method of internal 
friction and curves are drawn of the limits 
of solubility in the temperature region 720- 
550° 


(2) It is established that with a 0.75 per 
cent content of manganese and a molybdenum 
content of 0.4 per cent, the solubility of 
carbon in alpha-iron is reduced at all 
temperatures. However the temperature vari- 
ation of the graph of the solubility is such 
that in the presence of 0.75% manganese the 
relative quantity of the phase separating in 
the temperature region 650-550° C is greater 
than in pure iron and with 0.4%-Mo is the 
same as in pure iron. 


(3) It is established that the kinetics of 
the process of the separation of carbon from 
the solid alpha-solution in the case of 
alloying with manganese or molybdenum is 
radically different: alloying with manganese 
leads to an incubation period, i.e. toa 
delay in the decomposition, but alloying with 
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molybdenum does not give an induction period. 


(4) The activation energy of the diffusion 
of carbon on alloying with manganese and 
molybdenum is determined. It was equal to 
19000 + 1000 cal/mole in both cases, i.e. it 
is shown that 0.75% manganese and 0.4% molyb- 
denum exert practically no influence on the 
mobility of carbon in alpha-iron. 


(5) By calculation the activation energy of 
the diffusion process is estimated and it is 
shown that the initial stage of decomposition 
is determined by the diffusion of carbon. 


(6) An explanation is proposed for the 
influence of manganese and molybdenum on the 
development of temper brittleness of the 
second order, based on the difference in the 
kinetics of the decomposition of the solid 


solution. 
Translated by J.H. Dempster 
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STRUCTURAL CHANGES IN 20 KHM-L STEEL DURING PROLONGED 
THERMAL TREATMENTS* 


S.S. DYACHENKO, L.S. PALATNIK, R.S. KAPLAN 
S.I. GERMAN and NO.I. BUTKO 
V.I. Lenin’s Kharkov Polytechnic Institute, and 
S.M. Kirov’s Turbine Works at Kharkov 


(Recieved 11 April 1957, and after revision 7 September 1957) 


The structural changes, which may occur in steel subjected to a pro- 
longed heat treatment at high temperatures and stresses, have some effect 
on the creep resistance and long-term mechanical properties of steel. 
Because of this, it is desirable to ensure that the preliminary heat treat- 
ment of steel should produce a structure that is as stable as possible and 
which will remain unchanged under conditions of prolonged periods of sub- 
sequent thermal processes. In the case of low and medium alloyed steels, 
subjected to normalizing followed by annealing, it is the usual practice 
to make the annealing temperature 100 - 150° C higher than the expected 
service temperature of the annealed product [1]. In doing so it is assumed 
that this type of heat treatment ensures a sufficient structural stability 
of the steel and no subsequent changes will occur in its properties. 


In particular, with the 20 KhM-L steel, it is the usual practice to 
anneal at 650-680° C after a previous normalizing treatment, while the 
service temperature of the parts made of this steel does not exceed 500- 
560° C. However, because of the very long period of service at high tempe- 
ratures and stresses, it is reasonable to expect that, in spite of the 
stabilizing thermal treatment, there will be certain structural changes in 
the steel. Thus, in work [2] a change was observed in the mechanical pro- 
perties of the 14-14-2 austenitic steel, annealed at 750° C for 5 hr, at 
lower temperatures starting with the temperature of 100° C, already at 
relatively short service periods (10-20 hr). Structural instability of the 
chrome-molybdenum steel was also noted in other investigations [3-5] if it 
was maintained for long periods in the temperature range of 480-650° C. 


The present work deals with a study of the structural stability of 
20 KhM-L steel at high temperatures and with an investigation of the effect 
exerted by the stresses applied on its structural changes. 


EXPERIMENTAL PROCEDURES 650-680° C for 3 hr (the starting state) and 
then examined after various periods of 
Tests were made on 20 KhM-L steel speci- maintaining them at elevated temperatures with 
mens, which were normalized, annealed at and without load application. The chemical 
composition of the steel and test specimen 
data are given in Tables 1 and 2 (the data 
* Fiz. metal. metalloved. 6, No. 6, 1122-1129, given are mean values based on five test 
1958. results). 
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Steel during prolonged thermal treatments 
TABLE 1. 


Chemical composition of 20 KhM-L steel (%) 


| A 
S | p 


| | 


| 


TABLE 2. 


Mechanical strength properties of test specimens maintained for prolonged periods 
at high temperatures in loaded and unloaded state. 
a, (kg/m) | 
Test Stress Test it | 
temp- (kg/ period (kg/mm? )ke/mm* 


t of 
erature mn? ) (m) 
¢) 20° | 530° | 550° 


| 
Starting state 


0 1000 
45000 


In addition to the test specimens referred 
to in Table 2, tests were also carried out on 
other specimens of the same steel subjected 
to annealing at 570° C for 3 hr. 


In the investigations use was made of 
metallographic examination, X-ray analysis 
and electron-microscopic examination. The 
polished specimens for the microscopic exam- 
inations were prepared by etching in Popova’ 
electrolyte at a current density of 0.02 4/ 
cm? and, in some cases, the etching was done 
by means of a solution of picric acid in 
ethyl ether (15 g picric acid, 200 cm’ of 
ethyl ether, and 200 cm? water). In addition, 
sodium picrate etching was used for colouring 
the carbides present. Metallographic examina- 
tions of the test specimens were carried out 
at linear magnification of 2200, while the 
electron-microscopic examination was done at 
the magnification of X 6000. Plastic replicas 
shadowed with chromium at an angle of 30° 
were employed for electron microscopy. In 
order to determine the lattice constant of 


the a-phase, use was made of X-ray diffraction 
analysis using cobalt radiation, with silver 
as a standard. The experimental set-up adopted 
was that of the rotating crystal technique, 
which made it possible to obtain X-ray spectro- 
grams characterized by dense and extremely 
thin lines. The error in crystal lattice 
measurements was * 0.0005 kX. The X-ray 
spectrograms of carbide deposits were made 
with chromium radiation. Carbide particles 
were isolated in Popova’ electrolyte at the 
current density of about 0.02 A/cm? and atat 
the temperature of the electrolyte of not 
more than 4° C. 

EXPERIMENTAL RESULTS 


The structure of steel specimens as ob- 
tained in the initial state and after various 
periods of maintaining it at high tempera- 
tures but without any loading, is shown in 
Figs. 1 and 2. Small and uniformly distri- 
buted carbide particles were observed already 
in the initial state of the test specimens 
in the ferrite grains. The results of 
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electron-microscopic examination enabled us 
to determine the size of these particles and 
the distance between them (~ 107°cm). After 
maintaining the test specimens for a period 
of 1000 hr at 530° C, the dimensions of these 
particles increase slightly: up to 2 x107°em, 
but there is no change in their distribution, 
At longer periods of maintaining the speci- 
mens at high temperatures, there was observed 
a reduction in the number of carbide 


particles present in the boundaries of 
pearlite grains. After a test period of 5400 Fig. 2. Steel structure after holding the specimen 
for 5400 hr. at 530°c in load-free state; x 2200. 


hr, the formation was observed of carbide- : : ; 
a— y= pearlite grain boundaries; 

free zones in the boundaries ofpearlite grains b-y = ferrite grain boundaries. 

(Fig. 2a), while no such zones could be de- 

tected in the ferrite grains boundaries 

(Fig. 2b). An analogous phenomenon was found 

also at the test temperature of 540° C: after 

the test period of 5400 hr, a ferrite band 

appears in pearlite grains and this band con- 

tains no carbides, either. The width of the 

band increases with increasing test tempera- 

ture. Thus, after maintaining the test speci- 

mens at the temperature of 530° C for 5400 hr, 

the band width is 4.5 p, whereas at the test 

temperature of 550° C, the width of the band 

increases to about 6.5 p. The formation of 

such bands is accompanied by a noticeable 

increase in the size of carbide particles Fig. 3. Structure of steel after maintaining the 

present in the ferrite and pearlite grain specimen for 38 hours at 530° under the load of 23.5 kg/ 


boundaries (Fig. 2a). mm? ; x 2200; 
a-working section of test specimen. 


b-grip-end of test specimen. 


of a load of 23.5 kg/mm‘, the formation was 
detected of a zone some 1.8 p» wide (Fig. 3a). 
At the same test temperature but after a test 
period of 3264 hr under a load of 15 kg/mm, 
the width of the zone is about 1.7 pw, i.e. it 
is slightly reduced in comparison with its 
value at the load of 23.5 kg/mm’, although 
Pig. 1. Structure of 20 KhM-L steel in the initial the test period was increased nearly nine- 
state (normalizing and anneal ing at 650-680°C); fold. It is interesting to note that no such 
x 6000. zone was found to be present in the grip-ends 
of the same test specimens subjected to a 
38 hr test period, while after a test period 
The formation of zones containing no duration of 3264 hr, the zone reappears, 
carbides increases under the action of super- although it is less distinct, and its width 
imposed stresses. Thus, at the temperature of is about 1.6 m: in some places, the carbide 
530 C, already after a 38 hr period of main- grains are distributed very close to the 
taining the test specimens under the action pearlite grains. 
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At the temperature of 550° C, this zone 


forms already after a test period of 12 hr 

under the action of a load of 22 kg/mm’; it ‘ 
contains no carbides and its width is~ 3 
A zone of approximately similar width is 16, 
formed after a test period of 1112 hr at the eee ee 
same temperature as above, but under a load ‘emirates ae! 7S 
of 13 kg/mm’, The distribution of carbide 

particles in the grip-ends of the same test 


specimens remains uniform. 


The formation of a zone with a width of 
— 1.8 » is observed after maintaining the 
test specimens at the temperature of 510° C 
for 692 hr and under the action of a load 
of 22 kg/mm, But a test period duration of 
182 hr at the same temperature, although 
under a load of 26 kg/mm’, does not, as yet, 
lead to the appearance of a noticeable zone 
containing no carbides. There is also no 
change in the carbide distribution in the 
specimen grip-ends, 


Fig. 4. X-ray spectrogram of carbide precipitate in 
a test specimen annealed at 650°C. 


hand, this etching process had no effect on 


958 the carbides present in ferritic grains. 


An X-ray analysis of the carbide precipi- 
tates showed that, in the initial state of 
the test specimens and after annealing at 
650° C, there exist three carbide phases: a 
carbide phase with the composition of Cr,,C, 
and two molybdenum carbides: Fe ,Mo,C and 
Mo,C (Fig. 4). Because of the number and 
intensity of the lines of the above compounds, 
it can be said that the carbide precipitate 
consists essentially of the Cr,,C, type 
carbide, of a smaller amount of Fe.Mo.,C and 

only a very small amount of the Mo,C carbide 
(X-ray spectrograms gave lines corresponding Fig. 5. Steel structure 
to only smll reflection angles from the Fig. 5. Steel structure after 3 hr annealing at 
planes with d= 2.60, 2,36 and 2.28 kX). A 570°C; x 6000. 
long period of maintaining the test specimens 
at the temperatures in the interval of 530- ; 
550° C did not lead to any change in the 
Ss y after annealing 
in the temperature interval of 650-680° C. 
Annealing treatments at lower temperatures 
In order to establish the distribution of (570-590° C3, are not sufficient for enabling 
carbide phases in the test specimens, use was the detection of the presence of carbide 
made of etching with sodium picrate, whici, particles in ferrite grains if the examination 
as it is well known, colours the cementite is done under the optical or electron micro- 
present, as well as the other carbides con- scopes (Fig. 5), while dispersed carbide 
taining large amounts of iron, but leaves particles (Fig. 1) can be found under an 
unaffected other special carbides. It was electron microscope to be present in the 
found that the colouring was imparted to the ferrite phase if the specimen is annealed at 
pearlite grain carbides only. On the other the temperature of 650° C. It is likely that 


It was established in the present invest- 
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carbide particles are formed also at the 
annealing temperatures of ~ 570-590° C, but 
their dimensions must be much smaller than 
the resolving power of the electron micro- 
scope used in the present studies. 


In the carbide precipitated after anneal- 
ing at 570° C there was detected the pre- 
sence of mainly the compound Cr,,C,, together 
with a small amount of Fe,Mo,C and a very low 
concentration of cementite (only weak inter- 
ference lines from the planes with d= 2.001 
and 2.104 kX were obtained in the X-ray 


spectrograms prepared). 
A change in the annealing temperature is 


accompanied by a small modification of the 
a-phase crystal lattice constant. Thus, if 
after annealing at the temperature of 570° C, 
the a-phase lattice constant equals 2.8624 kx, 
if the test specimen is annealed at 650° C, 
its value drops to 2.8615 kX. 


EVALUATION OF TEST RESULTS 


According to the literature data [6,7], 
it can be postulated that, after a 3 hr 
annealing period, the a-phase cannot be super- 
saturated with respect to carbon. Therefore, 
a reduction in the lattice constant of this 
phase found as the annealing temperature is 
increased to 650° C, can be associated with 
the appearance of a reduction in the alloying 
elements concentration in the solid solution. 
Results obtained in the studies of micro- 
structure showed that such an increase in the 
annealing temperature leads to the appearance 
in ferrite crystal grains of fine carbide 
particles. By comparing the two concepts given 
above, it is possible to conclude that the 
carbide particles formed in ferrite grains 
should be enriched in the alloying elements. 


If an account is taken of the X-ray ana- 
lytical results regarding the composition of 
the precipitated carbide grains, as well as 
of the results obtained in sodium picrate 
etching tests, we come to the conclusion that 
most of the carbides present in pearlitic 
grains are of the type Cr,,C,; furthermore, 
this carbide contains a large amount of iron 
and, because of this, it is coloured by 
sodium picrate etching solution (in our 
further considerations, this carbide will be 


referred to as Cr,,C,, although it contains 
also other elements). On the other hand, the 
carbides present in ferritic grains, behave 
as special carbides of molybdenum and they 
are not detectable by etching with sodium 
Picrate. The appearance of the Mo,C carbide 
after annealing at the temperature of 650° C 
of a steel with a similar chemical composition 
was reported in work [8]. 


The appearance of carbides in ferrite 
grains that are not supersaturated with res- 
pect to carbon, can be explained only by a 
partial dissolution of carbides from pearlitic 
grains and the diffusion of carbon into the 
grains of ferrite, during the process of high 
temperature annealing. 


Let us consider now to what distance can 
proceed the diffusion of carbon at the tempe- 
rature of 650° C during a period of 3 hr. For 
this purpose, use is made of the approximate 
equation derived from the second law of 
diffusion: 


x? ~ Dz, (1) 


where, x is distance (in cm) to which the 
diffusion proceeds; D, the diffusion coeffi- 
cient (cm*/sec), andr the time (in sec) 
during which the diffusion takes place. 


At the temperature of 650° C, the diffu- 
sion coefficient of carbon in the a-phase 
equals 107’ cm?/ sec [9], andr = 10° sec. 
Then, x= 107? cm, which exceeds the grain 
size. Consequently, during a period of 3 hr, 
it is possible for carbon to diffuse through 
the length of a grain. Diffusion coefficients 
of the alloying elements have considerably 
lower values. At the same temperature of 
650° C, the diffusion coefficient of molyb- 
denum in the a-phase is equal to about 10714 
cm’/ sec, which makes practically impossible 
the occurrence of molybdenum diffusion at the 
temperatures considered. The distance that 
molybdenum can cover by diffusion during a 
period of 3 hr (annealing period) amounts to 
about 107° cm; it is approximately at such 
distances that the carbide particles were 
found to be uniformly distributed in the 
ferrite phase and we ascribed to these carbide 
particles the composition: Mo.C. 
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Subsequent long periods of holding the 
test specimens at lower temperatures (530- 
550° C) lead to coalescence, as a result of 
which the molybdenum carbide particles become 
coarser. If it is remembered that the diffu- 
sion coefficient of molybdenum in the a-phase 
solid solution at the temperature of 530° C 
has a value of about 107° cm*/sec, it can be 
expected that, in a test period of 1000 hr, 
molybdenum will diffuse by a distance of not 
more than 2 x107° cm, and after a test period 
of 5400 hr, by not more than 4x 107° cm. Thus, 
the carbide particles present in the ferrite 
Phase should be at a distance at about 4 to 
8x 107° cm, which is also confirmed by the 
experimental data obtained (see Figs. 1 and 2). 
Because of a reduced diffusion rate, the 
dimensions and distribution of these particles 
in the ferrite grains show little variation 
with time. 


A completely different picture is obtained 
with the coalescence process in the vicinity 
of pearlite grains. Because of the thermal 
treatment to which the test steel was sub- 
jected, there exist large particles of the 
Cr, C, carbide in the pearlite grains and small 
particles of the molybdenum carbide in the 
ferrite grains. In accordance with Thompson’ s 
equation: 


(2) 


the solid solution, which is in the state of 
equilibrium with respect to small particles, 
is found to be supersaturated with respect to 
the coarser particles.* This leads to a 
further growth of the coarse particles dis- 
tributed in the pearlite grain boundaries and 
to dissolution of small carbide particles 
present in the ferrite. What happens, in fact, 
is that to start with, the coarse particles 
"swallow" the molybdenum carbide particles 
nearest to them, with the result that zones 
with reduced carbide concentration appear in 
the vicinity of pearlitic grains. Since the 
transition from the fine to coarse particles 
is by means of diffusion, it is not surpris- 
ing that the zone width increases with in- 
creasing temperature and duration of the test 
period. It is in this way that an explanation 


is given of the greater zone width at the 
temperature of 550° C, in comparison with the 
zone width at the temperature of 530°C, after 
subjecting the test specimen to an identical 
period of thermal treatment (5400 hr). Form- 
ation of analogous zones around coarse carbide 
particles was observed in investigations [10] 
during a study of the kinetics of carbide 
grains coalescence. 


If it is assumed that the velocity of the 
formation of zones containing no carbides 
is determined by diffusion processes, it be- 
comes possible to evaluate the values of the 
diffusion coefficients leading to the form- 
ation of the zone both in the presence of 
external loads and in their absence. This 
calculation was carried out with the help of 
equation (1), in which x was taken to re- 
present the width of the carbide-free zone. 
Data calculated for such diffusion coeffi- 
cients are tabulated in Table 3. 


TABLE 3. 


Test External 
temp- 


erature 
Co (kg/mm? ) 


D 
(cm? /sec) 


510 29 
530 0 
530 15 197“ 
550 0) 
550 13 
22 - 


According to literature data [9], the value 
of carbon and molybdenum diffusion coeffi- 
cients in the a-iron phase are equal to 
—~ 7 x1078 and 1x1071® cm?/sec, respectively, 
at the temperatures between 530 and 550° C. 

A comparison with these data shows that the 
diffusion coefficients obtained in the pre- 
sent test series for the diffusion -dependent 
carbide-free zones, are at least 100 times 
higher than the value of the diffusion coeffi- 
cient of molybdenum. Hence it follows that 


* In the equation given here the following 
notation is used: M, molecular weight of 
the phase precipitate; Coy solubility of 
crystals of an infinitely large radius, 
and Ch solubility of crystals with 
radius r. 
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molybdenum carbide dissolves in the process 
of coalescence but that it is only carbon 
which is capable of diffusion to the carbide 
particles in the pearlitic crystal grains. On 
the other hand, molybdenum, whose diffusional 
migration under these conditions is limited 
by the distance of ~ 107° mm, remains in the 
solid solution, with the result that the a- 
phase becomes enriched in the alloying ele- 
ments. Thus, coalescence leads to "swallowing 
up" of the coarser molybdenum carbide 
particles by the particles of the Cr,,C, 
carbide. 


On the other hand, the value of the experi- 
mentally determined diffusion coefficient was 
found to be six times lower than the carbon 
diffusion coefficient. This points to the 
possibility that the course of the process of 
coalescence is determined not only by diffu- 
sion. Coalescence includes the process of 
dissolution of particles of one phase, the 
diffusion of the dissolved elements and the 
growth of particles of the other phase, while 
the dissolution of one phase and the growth 
of the other one are dependent to a large 
extent on the thermodynamic conditions of the 
equilibrium existing between the supersatur- 
ated solid solution and the given phases [11]. 
If the thermodynamic potentials of the phases 
differ only little, the process of coalescence 
will proceed at a very slow rate, and, of 
necessity, its velocity will be controlled 
not only by diffusion. 


The stability of the carbide phase is de- 
termined not only by its specific thermo- 
dynamic potential, but also by its dispersion. 
The technical literature data available [12- 
16] are insufficient for deciding as to which 
of the two carbides mentioned above is the 
more stable under our experimental conditions. 
Thus, in work [12] concerning steels of a 
similar chemical composition, but with a 
slightly higher chromium concentration, the 
following series was obtained in the order 
of increasing carbide phase stability: * 

Fe.C > Mo.,C > Cr,,C,.In another work 
[13], it is pointed out that carbides of the 
Cr,,C, and Fe,Mo,C types appear in steel 

simultaneously. Furthermore, on the basis of 
data reported in work [16], the Mo,C carbide 


phase can be regarded as an intrusion phase 
more stable than the Cr,.C, and Fe,Mo,C 


phases. 

On the basis of the data here reported it 
is possible to postulate that, in all probab- 
ility, the specific thermodynamic potentials 
of the carbide phases here considered are 
close to one another and that because of this 
a slight change in the chemical composition 
of the steels and in the conditions of 
thermal treatment are capable of changing the 
sequence of appearance of the various carbide 
phases. In such a case, a predominant role 
can be played by the difference in dispersion 
of these phases. In our tests, the highly dis- 
persed carbides of molybdenum were found to 
be the least stable in comparison with the 
coarse-grained Cr 30, carbide at a tempera- 
ture of about 550° C, and more stable than 
the latter carbide phase at the temperature 
of about 650° C. 


It is interesting to note that the rate that 
carbides coalesce is considerably affected 
by the presence of stresses. An evaluation 
made by us in this respect (see Table 3) 
showed that stress values close to the yield 
point of the steel studied (about 20 kg/mm’) 
nearly ten times the diffusion coefficient at 
the temperature of 530° C and a hundred times 
at the temperature of 550° C. One possible 
explanation of this fact can be that the 
diffusion process is activated by the stresses 
applied and another that there is a change 
in the solubility of carbides brought about 
by deformations created in the crystal lattice 
of the carbide itself and of the a-phase. 


CONCLUSIONS 


1. An investigation was made by means of 
the X-ray analysis, metallographic and 


In work [12], the Cr,,C, carbide type was 
detected only in steels with about 4-5% Cr 
content and after holding the test speci- 
men at the annealing temperature of 600°C 
for 64 hr. In our case, however, carbides 
with the structure of Cr,4C, were observed 
immediately after normalizing treatment. 


Steel during prolonged thermal treatments 171 


electron microscopic techniques, of the 
structure of 20 KhM-L steel under conditions 
of prolonged periods of thermal treatment in 
loaded and load-free states. 


2. It was found on the basis of X-ray 
spectrographic data that after normalizing 
and annealing treatments at temperatures 
between 650-680° C for 3 hr, the carbide 
precipitate obtained contains three carbide 
phases corresponding to the formulae: Cr,,C,, 
Mo,C and Fe,Mo,C. 


3. During long periods of holding the test! 
specimens at a temperature in the interval 
of about 500-550° C, the occurrence was ob- 
served of coalescence of the carbide phases 
as a result of which carbide-free zones are 
formed in the boundaries of pearlitic grains. 


4. Coalescence of carbides leads to the 
growth of the Cr,,C, carbide and dissolution 
of the molybdenum carbides; this phenomenon 
can be explained by a lower stability of the 
molybdenum carbides, because of their higher 
degree of dispersion in comparison with that 
of the Cr,,C, carbide types. 

5. Stresses, whose values approach the 
yield point of steel, bring about an accele- 
ration of the process of coalescence by one 
order, if the test temperature is 530° C, and 
by two orders if the test temperature is 
550° Cc, 


6. In consequence of the dissolution of 
molybdenum carbides, the a-phase is enriched 
in the alloying elements, which should favour 
the heat resistance characteristics of the 


steel tested. 
Translated by H. Cygielski. 
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ON THE THEORY OF WEAK EXCITATION OF THE ELECTRON 
SYSTEM IN A SOLID BODY* 


G. G. TALUTS 
Metal Physics Institute, Ural Branch of the Acad. Sci. of U.S.S.R. 


(Received 27 September 1957) 


The electronic spectrum of a solid body consists of a number of branches corresponding to 
various types of excitation of the electronic system. Such excitations comprise: exciton 
excitations [1,2], plasma oscillations [3,4], formation of doublets and formation of holes [5]. 
In all the types of oscillations enumerated above, we are dealing with collective oscillations 
of the electron density of the system. Therefore it appears particularly advisable to consider 
all such types of oscillation within the framework of a single method. In the present note, we 
shall make use for this purpose of the method of collective co-ordinates in the concept of 
secondary quantization {4,6,7]. In doing so, we shall limit ourselves to consideration of the 
exciton and plasma excitations only. As collective co-ordinates, let us take the Fourier com- 
ponents of electron density: 

N 
exp(—i rj), K 0. 
/ 


The momentum operator, corresponding to the co-ordinate P, is in the following form [6]: 


\ 


In the concepts of secondary quantization, the collective variables Pp and m7, are defined 
by the expressions: 


mimi? 


mim?) 


Here, m denotes co-ordinates of the lattice centre and A the combination of quantum numbers 
defining the state of the electron in periodic lattice. Let us consider that A takes on the 
values of 0 and 1, which are characteristic of the normal and excited states. In the role of 


* Fiz. metal. metalloved. y, No. 6, 1130-1132, 1958. 
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functions, according to which the expansion is carried out, are chosen real Vane functions. 
Also let it be assumed that the basic state of our system is that in which not all electrons 
are excited (A = 0) and in which the electrons are uniformly distributed in all crystal lattice 


centres, i.e.: 


Umno =| 
Let us now introduce Bose operators 


of (mh, (mi, m'h’)} ax, Annie. 
ath, 


Just as in reference [6], let us represent the Hamiltonian of our system in the form of: 


H =H, + + + 


K K 


K 


(kR< kos where ko is the maximum momentum of collective oscillations). 


The expansion coefficients are determined by the following expressions: 


Ha =— {iH, ot], 6,], 
= ([H, of], ot,], 


Hick = [H, bt] — Ho, bt — 


Since in our present treatment, we are considering small deviations of the system from its 
ground state, it is necessary that all the expansion coefficients in expression (1) be averaged 
for this state. All the subsequent transformations consist of a simple diagonalization of the 
last two terms of the Hamiltonian as given in equation (1). If we ignore the exchange effects, 
the following expression can be derived for determining the energy of collective oscillation 


of electrons: 


= 4 [Woo + Mor Caos C_ 


where, 


] 


= Py (OA, OX’). 


Cons = (OA, C 
G(k) being the Fourier component of nucleus for the interaction between electrons. Here, a r 
and ayy are Fourier components of the operators a, and ay » while & (x) is the energy o 
a single electron in a periodic crystal lattice, In a particular case when Moy 6h) = 0, the 
expression (2) coincides with the results obtained in investigations [4,7]. At Moo (bk) = 0 
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expression (2) is identical with that derived in works fu. for the energy of excitons. We 
should note that in the first case, as mentioned above, we are concerned with oscillations of 


the quasi-classical part of the density of electrons: 


while, in the second case mentioned above, we are dealing with the electron density associated 


with transitions into excited state 


wil 
In a general case, we are dealing with simultaneous oscillation of the electron density. 


If 
(z) = —— 4 We 


then, at small values of k, the expression (2) can be put in the form: 
E, hw,, 
2h—“(E,;—E,) ) 6 


1— +2h~ Eo) Qa + m* 195€ 


where, 


Qn = C_xo1, 


2 


P,, = — th (r) exp (i). (r) dr. 


The factor @, can be considered as representing the frequency of plasma oscillations when 
due account is taken of the possibility of inter-zonal transitions. 


Translated by H. Cygielski. 
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ON THE ACTIVATION ENERGY OF GRAIN GROWTH DURING COLLECTIVE 
RE-CRYSTALLIZATION OF NICKEL OF VARIOUS DEGREES OF PURITY** 


I, I. NOVIKOV and I.L. ROZELBERG 
M.I. Kalinin Moscow Institute of Non-ferrous Metals and Gold 


and State Institute of Non-ferrous Metals Metallurgy 


(Received 26 August 1957) 


In their studies of collective crystallization of technically pure nickel, Wensch and Walker 
[1], found that the activation energy for crystal grain boundary migration equals 85.5 kcal/g- 
atom. This value is much higher than the activation energy of nickel self-diffusion, which, 
according to measurements carried out by Hoffman and Pikus [ 2] and Burgess and Smoluchowsky 
[3], was given as 66.8 and 61-65 kcal/g-atom, respectively. It is possible that this essential 
difference between the activation energies of self-diffusion and grain growth is conditioned 
by the fact that the nickel used for measurements of the grain boundaries migration activation 
energy in investigations ee contained a high concentration of impurities. Therefore, it was 
thought desirable to carry out measurements of the activation energy of crystal grain growth 
in nickel of high purity. 


An investigation was made of grain growth during collective re-crystallization of 99.99% 
pure nickel. A nickel cathode, de-gassed under vacuum of 107° mm Hg at the temperature of 
1200° C, was subjected to cold rolling, followed by re-crystallization annealing and final cold 
rolling until a 70 per cent thickness reduction was produced. Cold-rolled test specimens, 
reduced by rolling to 70 per cent of their thickness, were annealed at the temperatures cf 600, 
700, 800 and 900° C for various periods of time. At the same time, in order to compare and 
check the results thus obtained with those reported in work [1], measurements were also made 
on technically pure nickel, de-oxidized with carbon, silicon and magnesium. Test specimens of 
the technically pure nickel were prepared exactly as those of the high purity nickel. 


The activation energy of grain growth was determined with the help of the expression: 


A () 


where, # is mean linear dimension of the grain, A a constant, Q the activation energy, R the 
universal gas constant, T the temperature and n the time factor. 


The time factor n was determined from the equation of Beck, Kremer and Demer [4]: 
p= Cr", (2) 
where, 7 is annealing time and C a constant. It was found that the time factor n for both types 
of nickel is practically independent of temperature. This condition is necessary for calcula- 


tion of the activation energy from expression (1). In Table 1 are given the results obtained 
in our measurements, in comparison with the data reported in technical literature. 


* E.K. Drobysheva and T.G. Krapivian took part in the practical investigations. 


** Fiz. metal. metalloved. 6, No. 6, 1132-1133, 1958. 
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TABLE 1. 


Impurity contents Activation Activation Literature 
in nickel (%) energy of energy of reference 
grain growth self-diffusion 
(kcal/g-atom) (kcal/g-atom) 


Electrolytic nickel (without 
re- melting) 

Co < 0.005, Si-0.0033 
Cu-0.0025, Mg- 0.0040, present work 
Mn < 0.0013, C < 0.005, 

Zn, Sb, Sn and Bi all less 
than 0.001 


Technically pure nickel: 

Cu-0.01, Fe-0.04, Si-0.07, 
Mg-0.06, Mn-0.003, C-0.06, present work 
Zn, Sb, Pb, Sn and Bi 
each less than 0.001 


Technically pure nickel: 
C-0.06, Mn-0. 23, Fe-0.14, 
S-0.005, Si-0.07, Cu-0.08, 
Al-0.009, Ti-0.025, 
Mg-0.048, B-0.03 


Carbonile nickel: 
C-0.05, Fe-0.025, Co-trace [2] 


The purity of nickel 
not stated [3] 


Thus, the value of activation energy of grain growth in nickel of a high degree of purity 
approaches that of the self-diffusion activation energy of nickel. 


Of course, it would be more correct to take into consideration for comparison purposes the 
values of boundary energy of activation instead of those of the volume self-diffusion. But, 
unfortunately, no such data are available for nickel. 


The presence of impurities in technically pure nickel makes an essential contribution to 
the increase in the grain growth activation energy. 


According to the theory of grain growth in solid metals, developed by Smoluchowsky [6] an 
elementary process of crystal boundary migration involves the participation not by single 
atoms but by atom groups. The elementary act of crystal boundary migration comprises the 
activation of a group of atoms, consisting of several individual atoms in the most disordered 
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regions of the inter-grain boundary, and a subsequent joining of this atom group to the lattice 
of a growing crystal. Thus, there sets in a phenomenon resembling local melting at certain 
points lying in the grain boundaries of the grains that are "swallowed up" and a subsequent 
crystallization in the growing grain. If this picture is true, then the values of the activa- 
tion energies of grain growth and self-diffusion must not necessarily be close to one another. 
The higher value of the grain growth activation energy for technically pure nickel, in compari- 
son with that of nickel of high purity, can be explained by a greater number of atoms particip- 
ating in a single elementary act of the crystal boundary migration. 


Calculations carried out by Smoluchowsky [6] show that about 16 atoms are involved in an 
elementary act of grain boundary migration during the collective re-crystallization of the 
high purity nickel and about 21 atoms take part in such re-crystallization in the case of 
technically pure nickel. 

Translated by H. Cygielski. 
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